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FOREWORD 

The Reactor Development P rogram Progress Report de
scr ibes current activit ies, technical p rogress , and technical 
problems in the program at Argonne National Laboratory 
sponsored by the USAEC Division of Reactor Development 
and Technology. Organized in accordance with the AEC's 
budget and reporting classifications, the repor t is published 
monthly. Not all projects are reported every month, but a 
running account of each project is maintained in the se r ies 
of repor t s . 

The last six reports 
in this ser ies a r e : 

March 1970 ANL-7679 

April-May 1970 ANL-7688 

June 1970 ANL-7705 

July 1970 ANL-7726 

August 1970 ANL-7737 

September 1970 ANL-7742 



REACTOR DEVELOPMENT PROGRAM 

Highlights of Project Activities for October 1970 

EBR-II 

Regular operation of the reactor at 62.5 MWt began on September 25, 
with Run 46A. Through October 15, the reactor had operated for 1136 MWd 
in Runs 46A and 46B, bringing its cumulative operational total to 40,427 MWd. 
Performance of the reactor and plant, measured as part of the extensive 
program of nuclear, thermal , and hydraulic surveillance planned for the 
power increase , was as anticipated. 

The digital data-acquisition system (DAS) passed its acceptance test 
by operating reliably 96.6% of the time during its 30-day test period. The 
resul ts of rod-drop data from Run 46A processed with the DAS were in ex
cellent agreement with the resul ts obtained with the conventional method. 

ZPR-3 

Assembly 62, Second Step, is a stainless steel reflected cr i t ical 
assembly built in support of the EBR-II program. Thermoluminescent 
dosimeter gamma-ray mapping studies and neutron-spectrum measurements 
were made using the same methods as those for the ear l ie r nickel reflected 
assembly. The worth of tantalum and of a simulated boron-poisoned safety 
rod in four stepped core positions was also determined. 

Loading of Assembly 63 is now in p rogress . 

ZPR-6 

Studies of the time variation of the core temperature profiles in the 
la rge , plutonium-fueled Assembly 7 were made with 16 installed monitor 
thermocouples. With the rpactor halves closed and cooling fans operating, 
nearly 2 hr must elapse before a temperature equilibrium is reached. A 
prel iminary evaluation of the temperature coefficient of reactivity 
(-3.5 Ih/ C) was obtained for this loading. 

ZPR-9 

To support the development of calculational models to be used for 
large in-core perturbations, the reactivity effects of simulated open and 
closed loops were studied in the FTR-3 cr i t ical assembly. Worths of fueled 
and absorber rods were measured in the perturbed assembl ies . 



ZPPR 

Cell integrity tests have been completed. Measurements on ZPPR 
Assembly 2, a two-zone demonstration benchmark reac tor , have emphasized 
boron and tantalum control rod studies in the 2400-liter core . Preanalys is 
studies of pin fuel-element loadings in ZPPR-2 indicate that a full-core 
version of Assembly 2 containing only fuel pins in calandria cans would have 
a reduction of 1% in k, or a 6% increase in cri t ical m a s s . 

4 
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I. LIQUID M E T A L FAST B R E E D E R R E A C T O R S 

A. P h y s i c s D e v e l o p m e n t 

1. T h e o r e t i c a l R e a c t o r P h y s i c s 

a. G e n e r a l F a s t R e a c t o r P h y s i c s ( I89a 02-009) 

(i) T e s t i n g and I m p r o v e m e n t of F u e l Cyc le A n a l y s i s 

L a s t Repor t ed ; A N L - 7 7 0 5 , pp, 3-5 (June 1970). 

(a) T i m e Step S u b i n t e r v a l Leng th R e q u i r e d for REBUS 
( j . Hoover and D. A. Mene ley ) 

As p a r t of a cont inuing effort to deve lop eff ic ient but 
r e l i a b l e c o m p u t a t i o n a l s c h e m e s for f u e l - c y c l e a n a l y s i s , the effect of i n 
c r e a s i n g the l eng th of the t i m e s t ep b e t w e e n n e u t r o n i c s s o l u t i o n s w a s 
s tud ied . In R E B U S , * the b u r n t i m e i s d iv ided in to P s u b i n t e r v a l s ; t h u s , 
t h e r e a r e P + 1 t i m e nodes at which the n e u t r o n i c s so lu t ions a r e done to 
obta in the s y s t e m m u l t i p l i c a t i o n and the m u l t i g r o u p flux d i s t r i b u t i o n . (See 
J. H o o v e r et a l . , for a d i s c u s s i o n of the so lu t ion m e t h o d . ) The n e u t r o n i c s 
so lu t i ons a r e t y p i c a l l y done by a t w o - d i m e n s i o n a l f i n i t e - d i f f e r e n c e a p p r o x i 
m a t i o n . B e c a u s e of the h igh cos t of t h e s e n e u t r o n i c s s o l u t i o n s , s ign i f i can t 
e c o n o m i e s could r e s u l t by r educ ing P , the n u m b e r of s u b i n t e r v a l s . 

In t h i s s tudy, t h r e e 1000-MWe L M F B R ' s * * ' t . t t w e r e 
a n a l y z e d . The c r o s s s e c t i o n s w e r e b a s e d on the R e v i s e d C a t e g o r y 1 file 
of E N D F / B , excep t t ha t the h i g h e r ^^'Pu t a p t u r e - t o - f i s s i o n r a t i o s w e r e 
i n c o r p o r a t e d . M u l t i g r o u p c r o s s s e c t i o n s w e r e ob ta ined wi th the u l t r a f i n e 
g r o u p P I opt ion of the MC code* us ing e s t i m a t e d c o r e - a v e r a g e d m i d c y c l e 
a t o m d e n s i t i e s . The c r o s s - s e c t i o n se t c o n s i s i s t e d of 26 h a l f - l e t h a r g y -
wid th g r o u p s f r o m 10 MeV to 22.6 eV. F o r the f u e l - c y c l e c a l c u l a t i o n s , 
the 2 6 - g r o u p s e t w a s c o l l a p s e d to 1 3 g r o u p s for the G e n e r a l E l e c t r i c Ref
e r e n c e Reactor ' ' ' and e ight g r o u p s for the Babcock & Wilcox and the G e n e r a l 
E l e c t r i c Advanced Designs' '+'+ by l i n e a r flux weight ing wi th the s ing le 
s p e c t r u m obta ined f r o m the MC code . 

J. Hoover £t â ., "Solution Techniques Used in the Fast Reactor Fuel Cycle Code REBUS," Reactor Physics 
Division Annual Report, July 1, 1968 to June 30, 1969, ANL-7610, pp. 471-480 (1969). 
P. M. Murphy et aL, Conceptual Plant Design, System Descriptions and Cost for a 1000 MWe Sodium 
Cooled Fast Reactor, GEAP-5678 (1968). 

•̂ B. J. Goulding e t^ . , 1000 MWe LMFBR Follow-on Study, BAW-1328 (1968). 
t tp . M. Murphy et al.. Comparison of Two Sodium-Cooled, 1000 MWe Fast Reactor Concepts. GEAP-5618 

(1968). ' 
*B. J. Toppel, A. L. Rago, and D. M. O'Shea, MC ,̂ A Code to Calculate Multigroup Cross Sections 

ANL-7318, Argonne National Laboratory (June 1967). ' 



F u e l - c y c l e c a l c u l a t i o n s w e r e done to ob ta in the e q u i l i b 
r i u m opera t ing condi t ions of the r e a c t o r s y s t e m . F u e l - c y c l e p a r a m e t e r s 
w e r e examined to a s s e s s the a c c u r a c y of the r e s u l t s ob ta ined . C a l c u l a t i o n s 
w e r e done with the b u r n s t ep o r o p e r a t i n g i n t e r v a l d iv ided into one o r two 
s u b i n t e r v a l s . The r e s u l t s for e a c h of the r e a c t o r d e s i g n s a r e p r e s e n t e d in 
Tab le s I .A . I , I .A.2, and L A . 3 . 

TABLE I.A.I. Fuel -cyc le Resul ts for Genera l E lec t r i c 
Reference Design^ 

2 Subintervals 1 Subinterval 

F iss i le Massb 
Beginning of Cycle 

Core 
Eadial Blanket 
Axial Blanket 

End of Cycle 
(tore 
Radial Blanket 
Axial Blanket 

Breeding Ratio 
(tore Conversion Itatio 
Cycle Time (ful l power days) 

Supplied F iss i le Mass 
Core Zone 1 
(tore Zone 2 
(tore Zone 3 
Radial Blanket 
Axial Blanket 1 
Axial Blanket 2 
Axial Blanket 3 

Discharged Fiss i le >fass 
Core Zone 1 
Core Zone 2 
Core Zone 3 
Radial Blanket 
Axial Blanket 1 
Axial Blanket 2 
Axial Blanket 3 

1677 
213 
185 

1603 
336 
409, 

1, 

300 

363. 
251. 
158. 
14. 
11. 
5. 
3. 

358. 
209. 
133. 
142. 
149. 
55. 
38. 

.4 

.8 

.4 

.0 

.8 

.7 

.368 

.8819 

.5 

.6 
,0 
,2 
,1 
,6 
.7 

2 
0 
0 
1 
0 
9 
6 

^P. M. Murphy et al., Conceptual Plant Design, System Descr ip t ions and 
Cost for a 1000 MWe Sodium Cooled F a s t Reac tor . GEAP-'i(S78 (iqAS) 

t'kg of U"5 + P u ' " + Pu'^' . 

1677 
213 
185 

1603 
337. 
409. 

1, 

300 

363. 
251. 
168. 
14. 
11. 
5. 
3. 

359. 
208. 
139. 
142. 
147. 
55. 
38. 

.9 

.9 

.3 

.0 

.1 

.5 

.378 

.8853 

,7 
,7 
,0 
,2 
.1 
,6 
.7 

6 
9 
0 
2 
9 
9 
6 



TABLE I.A.Z. Fue l -cyc le Resul ts for Babcock and Wilcox 
Reference Design^ 

TABLE I.A.3. Fue l -cyc le Resul ts for Genera l E lec t r i c 
Advanced Design^ 

2 Subintervals 1 Subinterval 

F i s s i l e Massb 
Beginning of Cycle 

Core 
Radial Blanket 
Axial Blanket 

End of Cycle 
Core 
Radial Blanket 
Axial Blanket 

Breeding Ratio 
Core Conversion Ratio 
Cycle Tijne ( fu l l power days) 

Supplied F i s s i l e Mass 
Core Zone 1 
Core Zone 2 
Core Zone 3 
Ratiial Blanket 
Axial Blanket 1 
Axial Blanket 2 
Axial Blanket 3 

Discharged F i s s i l e tfass 
Core Zone 1 
Core Zone 2 
Core Zone 3 
Padial Blanket 
Axial Blanket 1 
Axial Blanket 2 
Axial Blanket 3 

1380.3 
116. ̂  
136.9 

1371.5 
179.9 
236.5 

1.31+3 
.9685 

352 

275.8 
259.8 
3814.6 
16.2 

6.3 
5.5 
7.1 

285.9 
256.4 
359.8 
143.4 
88.4 
67.8 
62.0 

1380.5 
116.6 
136.4 

1371.5 
180.4 
236.2 

1.358 
.9776 

352 

275:8 
259.8 
384.6 
16.2 

p 6.3 
5.5 
7.1 

286.0 
256.4 
359.8 
143.6 
88.4 
67.8 
62.0 

Fiss i le Mass^ 
Beginning of Cycle 

Core 
Radial Blanket 
Axial Blanket 

End of Cycle 
Core 
Radial Blanket 
Axial Blanket 

Breeding Ratio 
Core Conversion Ratio 
Cycle Time ( fu l l power days) 

Supplied F i s s i l e ^kss 
Core Zone 1 
Core Zone 2 
Radial Blanket 
Axial Blanket 1 
Axial Blanket 2 

Discharged F i s s i l e r^ss 
Core Zone 1 
Core Zone 2 
Radial Blanket 
Axial Blanket 1 
Axial Blanket 2 

2 Subintervals 

7211.9 
172.2 

76.9 

709.0 
209.9 
111.0 

1.3U5 
.9826 

132 

78.2 
89.5 
3.6 
1.8 
1.1 

77.5 
72.8 
m.2 
22.8 
m.7 

1 Subinterval 

725.4 
172.5 

76.9 

708.0 
210.2 • 
111.3 

1.352 
.990t 

132 

78.2 
89.5 
3.6 
1.8 
l . t 

78.9 
72.8 
m.t 
22.9 
14.8 

^P . M. M u r p h y ^ al., Comparison of Two Sodium-Cooled, 1000 MWe 
Fast Reactor Concepts, GEAP-5618 (1968). 

bkg of U"5+ P u " n P u ^ " . 

^B. J. Goulding et al., 
(1968). 

bkg of U"* + P u " ' + P u " ' . 

1000 MWe LMFBR Follow-on Study, BAW-1328 



T h e a g r e e m e n t b e t w e e n t h e t w o c a s e s f o r t h e f i s s i l e 

m a s s e s i s q u i t e g o o d . T h e e r r o r i s a t m o s t 0 . 5 % . T h e c y c l e t i m e o r 

o p e r a t i n g i n t e r v a l w a s c a l c u l a t e d q u i t e a c c u r a t e l y w i t h o n e s u b i n t e r v a l . 

H o w e v e r , t h e b r e e d i n g r a t i o a n d c o r e - c o n v e r s i o n r a t i o a r e c o n s i s t e n t l y 

o v e r e s t i m a t e d b y a p p r o x i m a t e l y 1% w i t h o n e s u b i n t e r v a l . 

T o d e t e r m i n e t h e a c c u r a c y of t h e d e t a i l e d b u r n u p , 

p o w e r a n d f l u x c a l c u l a t i o n s t h e t w o - d i m e n s i o n a l p o w e r d i s t r i b u t i o n s o b t a i n e d 

w i t h o n e s u b i n t e r v a l a n d t w o s u b i n t e r v a l s w e r e c o m p a r e d . T h e m a x i m u m 

e r r o r i n t h e p o w e r d i s t r i b u t i o n o b t a i n e d w i t h o n e s u b i n t e r v a l i s 0 . 5 % . F o r 

i l l u s t r a t i v e p u r p o s e s , t h e r a d i a l p o w e r d i s t r i b u t i o n s a t t h e r e a c t o r m i d p l a n e 

a r e s h o w n i n T a b l e I . A . 4 f o r t h e G e n e r a l E l e c t r i c A d v a n c e d D e s i g n . 

TABLE I.A.4. Radial Power Dis t r ibut ion at End of Cycle for 
Genera l E lec t r i c Advanced Design^ 

Radial Position 
cm 

Power Densityt" 

3.67 

11.02 

18.37 

25.72 

33.07 

10 . t l 

47.72 

55.11 

62.1*6 

69.81 

76.52 

82.61 

88.69 

91.78 

100.87 

106.03 

110.28 

111.52 

118.56 

122.39 

126.21 

129.88 

133.39 

136.90 

2 Subintervals 

8.688x10"' 

8.611x10"' 

8.556x10"' 

8.121x10"' 

8.251x10"' 

8.035x10"' 

7.779x10"' 

7.182x10"' 

7.111x10"' 

6.751x10"' 

7.707x10"' 

7.077x10"' 

6.299x10"' 

5.101x10"' 

1.125x10"' 

1.616x10"' 

1.268x10"' 

9.892xl0"8 

5.755xl0"8 

1.506xl0"8 

3.523xl0"8 

2. 051x10"8 

1.536xl0"8 

1.325xl0"8 

1 Subinterval 

8.691)110"' 

8.617x10"' 

8.559x10"' 

8.127x10"' 

8.253x10"' 

8.037x10"' 

7.780x10"' 

7.182x10"' 

7.111x10"' 

6.751x10"' 

7.705x10"' 

7.075x10"' 

6.297x10"' 

5.399x10"' 

1.121x10"' 

1.616x10"' 

1.268x10"' 

9.897xl0"8 

5.758xl0"8 

1.509xl0"8 

3.526xl0"8 

2.056xl0"8 

1.637xl0"8 

1.327xl0"e 

P . M. Murphy et al., Compar i son of Two Sodium-Cooled, 1000 MWe 
^Fast Reactor Concepts. GEAP-5618 (1968). 

Relative power density (w/cm^) normal i zed to a total power of 1.0 W. 



In c o n c l u s i o n , for c o n c e p t u a l d e s i g n a n a l y s i s w i th the 
REBUS S y s t e m , one s u b i n t e r v a l or two t i m e n o d e s (beginning and end of 
cyc l e ) can be u s e d . The f i s s i l e m a s s and p o w e r d i s t r i b u t i o n s can be a c 
c u r a t e l y ob ta ined , and the b r e e d i n g r a t i o and c o r e - c o n v e r s i o n r a t i o a r e 
o v e r e s t i m a t e d by a l m o s t 1%. 

(ii) G r o u p C o n s t a n t A v e r a g i n g 

Not p r e v i o u s l y r e p o r t e d . 

(a) Ef fec t s of E n e r g y - A n g l e C o r r e l a t i o n in I n e l a s t i c 

S c a t t e r i n g on F a s t R e a c t o r C a l c u l a t i o n s (M. Segev) 

The new MC^ code wi l l i nc lude e n e r g y - a n g l e c o r r e l a t i o n 
in i n e l a s t i c s c a t t e r i n g to s ing le l e v e l s . The i n c l u s i o n w a s e n a b l e d by an 
a l g o r i t h m d e v e l o p e d to t r a n s l a t e b a s i c i n e l a s t i c da t a f r o m E N D F / B f i l e s 
to i n e l a s t i c t r a n s f e r m a t r i c e s . The l a t t e r a r e n e e d e d in the m u l t i g r o u p a s 
w e l l a s in the con t inuous s lowing-down opt ion of the new MC . The a l g o 
r i t h m i s h igh ly a c c u r a t e and yet of a m u c h s i m p l e r logic than the one 
r e p o r t e d by O ' R e i l l y and L e w i s . * 

Inc lu s ion of the i n e l a s t i c e n e r g y - a n g l e c o r r e l a t i o n in 
the Pg c o m p o n e n t of the B o l t z m a n n e q u a t i o n h a s nonneg l ig ib l e e f fec t s on f a s t 
inf ini te s y s t e m s , a s i n d i c a t e d by a s tudy of the inf ini te m i x t u r e s by O k r e n t . * * 
In t h e s e m i x t u r e s the n e u t r o n e n e r g y s p e c t r u m so f t ens , the c r i t i c a l i t y f a c t o r 
d r o p s by 0 .3 -0 .5%, and the r a t i o of the u r a n i u m c a p t u r e r a t e to the p l u t o n i u m 
f i s s i o n r a t e d r o p s by 2 -3% when i n e l a s t i c e n e r g y - a n g l e c o r r e l a t i o n i s 
i nc luded . 

A n o t h e r a l g o r i t h m for the PQ i n e l a s t i c m a t r i c e s w a s 
d e v e l o p e d . It a c c o u n t s for e n e r g y - a n g l e c o r r e l a t i o n by r e t a i n i n g only the 
f i r s t m o m e n t of the a n g u l a r d i s t r i b u t i o n r e s u l t i n g f r o m a s c a t t e r i n g to a 
s ing le l e v e l . T h i s a l g o r i t h m i s s i m p l e in logic and i s tw ice as fas t as the 
m o r e r i g o r o u s a l g o r i t h m . Al though b a s e d on a s impl i fy ing a s s u m p t i o n , i t 
led to p r a c t i c a l l y the sanne c r i t i c a l i t y f a c t o r s , r e a c t i o n r a t e s , D o p p l e r 
e f f ec t s , and s o d i u m - v o i d e f fec t s , a s did the m o r e r i g o r o u s a l g o r i t h m . 

The e n e r g y - a n g l e c o r r e l a t i o n in the P , i n e l a s t i c 
m a t r i c e s (finite s y s t e m s ) i s be ing s tud ied . 

B. D. O'Reilly and R. C. Lewis, The Calculation of Slowing-Down Transfer Matrices in the Spherical 
Harmonics Representation, NAA-SR-11530 (1966). 
D. Okrent, "Summary of Intercomparison Calculations Performed in Confjunction with Conference 
on Safety, Fuels, and Core Design in Large Fast Power Reactors," Proceedings of the Conference on 
Safely, Fuels, and Core Design in Large Fast Power Reactors, October 11-14, 1965, ANL-7120, 
pp. 3-23. 



b. Fast Critical Exper iments- -Theore t ica l Support--Idaho 
(189a 02-010) 

(i) Planning Support (R, G. Pa lmer) 

(a) Preanalysis of ZPPR Assembly 2 (A. P. Olson) 

Neutron cross sections for preanalysis of pin zones 
in ZPPR Assembly 2 are now available, as additions to a previously r e 
ported cross section library. (See Progress Report for April-May 1970, 
ANL-7688, p. 7.) The MC^ code was used with E N D F / B (1968) data in a 
two-region cylindrical-equivalent cell to produce heterogeneously self-
shielded cross sections. In addition to the cross sections generated 
assuming full-density sodium, others were obtained assuming complete 
sodium voiding. The CALHET-3 code was used to flux-volume-weight 
these neutron cross sections in order to account for spatial self-shielding. 

Two-dimensional diffusion-theory calculations were 
made with the ARC System to study the effect of heterogeneity on kg££ for 
a reactor configuration similar to the current loading. (See P r o g r e s s Report 
for July 1970, ANL-7726, pp. 11-16.) It was assumed that the entire inner 
and outer core zones, and the inner 15.24 cm of the axial blanket, were 
assembled from pins in calandria cans. Due to inventory limitations, the 
complete loading cannot be obtained in pract ice, but it makes a good refer 
ence case from a calculational viewpoint. 

These pin calculations, assuming homogeneously self-
shielded neutron cross sections, gave k = 0.9774. Going to heterogeneously 
self-shielded cross sections gave k = 0.9807, for an energy self-shielding 
effect of 0.34% Ak/k. The use of spatially weighted c ross sections from 
CALHET-3 gave k = 0.9822, for a spatial self-shielding effect of 
0.16% Ak/k. For comparison, this effect was predicted (by CALHET-3) 
to be 0.11 and 0.13% Ak/k in the inner and outer core zones, respectively. 
Thus the total heterogeneity effect in the pin-zone version of Assembly 2 
was calculated to be 0.50% Ak/k, as compared to 1.90% Ak/k in the pla te-
zone version for which k = 0.9923. All the quoted k-values include a 
transport-effect correction of 0.35% (k). It is predicted that a full-core 
pin-zone version of Assembly 2 would have a reduction of 1.0% in k, or a 
6.0% increase in critical mass . 

Two-dimensional calculations of the prompt-neutron 
lifetime fy, the effective delayed-neutron fraction /3eff, and the conversion 
factor of inhours to percent reactivity gave .«„ = 5 x lO"'' sec, Spff = 
0.003226, andlh/%k = 997.9. 



2. Experimental Reactor Physics 

a. Fas t Crit ical Experiments--Experimental Support--Idaho 
(189a 02-011) 

(i) Neutron Spectroscopy (G. G. Simons) 

Last Reported: ANL-7726, pp. 3-5 (July 1970). 

The proton-recoil proportional-counter spectrometer is 
routinely used to measure fast-neutron spectra in the presence of gamma 
rays . Data required to evaluate the importance of gamma-ray source 
geometry and energy distribution relative to e r r o r s induced in neutron 
spectra from incorrect removal of gamma-ray background were obtained 
in conjunction with the ZPR-3 Assemblies 61 (see July P rog re s s Report) 
and 62 neutron-spectrum measurements . In Assembly 62, relative back
ground measurements were made with both hydrogen- and methane-filled 
counters in matr ix positions l -P -16 and l - P - 9 during reactor shutdown 
and with a point Co source. Final results of this background study will 
be reported later. 

To ensure consistent fast-neutron spectrum measurements 
at the Idaho and Illinois Sites, the two groups measured the spectrum at 
the ATSR in Illinois. Respective detectors, preamplifiers and pulse shaping 
circui t ry were used by each group. The resulting neutron spectra are 
shown in Fig. I.A.I. The slight discrepancies in the two spectra have been 
traced to e r r o r s induced by improper gamma-ray background subtraction 
and not to different fast-neutron responses. This emphasizes the need for 
good gamma-ray pulse-shape identification techniques and correc t gamma-
ray background measurements and removal. A detailed report of this study 
is in preparation. 

-] I I I I I I I I I I ""I |—r-'̂  

lOAM COUNTERS Ji I*' 
ILLINOIS COUNTERS i i f ^ " ^ 1 
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Fig. I.A.I. Comparison of Spectra Measured with Different 
Idaho and Illinois Detectors and Pulse Shaping 
Electronics. ANLNeg. No. ID-103-A11495. 



(ii) Development of Experimental Techniques (S. G. Carpenter) 

(a) Peff Studies 

Last Reported: ANL-7640, pp. 13-14 (Nov 1969). 

Since no large e r r o r s were found in the relative values 
of /3eff for " 'U , "*U, and " ' P u in the ear l ie r experiments , a further set of 
experiments were carr ied out to measure total Peff. Two par t icular ly 
simple cores were used: ZPR-3 Core 57 (ANL-7581, pp. 9-11) and Core 59 
(ANL-7655, pp. 15-17). Core 57 contained predominantly "^U and BeO with 
an iron reflector and Core 59 contained predominantly " ' P u and carbon with 
a lead reflector. 

The method used was to measure the reactivity effect 
(in dollars, since only the correct relative /Bgff values are needed) of r e 
moving all the fissions in the reactor. Instead of using an equivalent l / v 
absorber to replace the fissionable mater ia l (as done in a t he rma l - r eac to r 
experiment), the fission rate was measured as a function of position, and 
then the apparent reactivity effect of a neutron source (̂ ^^Cf) of the same 
magnitude was determined. These values were integrated over the reac tor 
and set equal to l/^eff- T^he result can be written as 

_ S0* 
Peff - -T-' 

VvF0|-
where S is the source strength of the ^̂ ^Cf, V is the apparent reactivity 
of the source neutrons, v is the average number of neutrons per fission, 
F is the total fission rate, 0p is the average importance of a fission 
neutron, and 0* is the average importance of a source neutron at the posi
tion where V is measured, S is determined outside the reactor , V is 
determined using a calibrated (in dollars) autorod, v is calculated from 
fission rates and assumed v values for each isotope, F is measured 
using absolute fission counters and calculationally correct ing to the in-
plate values, and 0p is found (relative to 0*) using the measured fission 
distribution and the measured 0* distribution obtained using the source. 
A small correction is calculated, because the ^̂ ^Cf fission distribution is 
slightly different than that from ^̂ ^U or " ' P u . An additional t ranspor t -
theory correction is made, since 0p is needed in the plate ra ther than in 
the source. The importance and fission distributions were measured 
along the central axial direction and along one radius; space separabil i ty 
of fluxes and cylindrical shape were assumed in using the experimental 
data. Diffusion-theory X,Y and r,z calculations were then used to cor rec t 
these results. 



Table I. A. 5 gives the various components which are 
combined to produce jSeff: 

fl S „ ^ F ^ c / F c *S *FS „ „ '\ 

An estimated e r r o r is also given for each component. The experimental 
results are not greatly different from the calculated values, which are 
spherical diffusion-theory results using the input typical of that normally 
used when calculating reactivity effects. The values between the dotted 
lines are the calculated ratios, which correct the experimental values for 
(in order) in-counter to in-plate fission ra tes , difference in the fission 
spectrum between ^"Cf and ^̂ ^U or ^^'Pu, in source to in-plate importance, 
assumed fission-space separability and cylindrical core, assumed 
importance-flux space separability, and the effects of the imperfect 
cylindrical-core boundary. The values above the first dotted line (except v) 
are the measured values for the source strength (neutrons/sec), apparent 
reactivity, v, atoms of ^^'Pu or ^^^U, fission rate per atom of ^^'Pu or ^'^U, 
peak-to-average fission rate, peak-to-average importance, and ratio of 

Pu or U fission rate to total fission rate. 

TABLE I.A.5. Pgft Results 

s 
V 

V 

N 

* i n c 

R F 

% 

F m c / F c 

F c / F p 

*s/*F 
0Fs/0FP 

R F C 

% € 

Peff (e'^) 
Peff (calc) 

Core 59 ( " ' P u ) 

5.94 x 10' 

0.03938 $ 

2.950 

1.913 x l O " 

2.483 X 10"'^ 

1.477 

1.523 

0.986 

1.059 

0.997 

0.971 

0.987 

0.972 

0.00233 + 0.00010 

0.00230 

Core 57 ("^U) 

9.197 X l O ' 

0.06997 $ 

2.490 

2.165 X 

7.850 X 

1.564 

1.667 

0.948 

1.013 

1.005 

0.949 

1.022 

1.026 

0.0078 

0.0072 

1 0 " 

10-'^ 

± 0.0003 

E r r o r Es t 

±1.0% 

±1.0% 

±1.0% 

±0.5% 

±2.0% 

±2.0% 

±1.5% 

±0.2% 

±1.5% 

±0.3% 

±1.0% 

±1.0% 

±1.0% 



The r e s u l t s do not i n d i c a t e a l a r g e e r r o r in the n o r 
ma l ly ca lcu la ted Pgff (1-8%). F u r t h e r , the m e a s u r e d d i s t r i b u t i o n s of f lux 
and adjoint flux c o m p a r e wel l wi th the c a l c u l a t e d v a l u e s , so tha t the r a t i o 
of the p roduc t of the flux and i m p o r t a n c e to the d e n o m i n a t o r in the p e r t u r 
bat ion e x p r e s s i o n , u s e d for c a l cu l a t i ng c e n t r a l r e a c t i v i t i e s , m u s t be n e a r l y 
c o r r e c t . It does not s e e m p r o b a b l e tha t e r r o r s of the o r d e r of 30% c a n be 
a t t r ibu ted to the e x p e r i m e n t a l v a l u e s for c e n t r a l r e a c t i v i t i e s , e v e n if t hey 
a r e quoted in Akg. 

(b) R o d - d r o p S u b c r i t i c a l i t y M e a s u r e m e n t s 

L a s t Repo r t ed : A N L - 7 6 3 2 , p . 16 (Oct 1969). 

The m e t h o d of ana lyz ing the p o w e r - h i s t o r y d a t a 
r e f e r r e d to ANL-7632 h a s b e e n f u r t h e r s tud ied wi th the ob j ec t i ve of e v a l u 
ating the e r r o r in the d e r i v e d r e a c t i v i t y in a m o r e s t r a i g h t f o r w a r d m a n n e r . 
Ins tead of s e a r c h i n g for the s o u r c e tha t p r o d u c e s a c o n s t a n t r e a c t i v i t y a f t e r 
the rod d rop , the p o i n t - k i n e t i c equa t i ons for the flux (or d e t e c t o r c o u n t - r a t e ) 
a r e combined* in such a m a n n e r tha t a s t r a i g h t l ine i s ob t a ined r e l a t i n g 
two v a r i a b l e s which do not have c o r r e l a t e d e r r o r s and which h a v e s t a t i s t i c a l 
e r r o r s l a r g e in one v a r i a b l e c o m p a r e d to the o t h e r . The b e s t fit i s t h e n 
obtained d i r e c t l y and s i m p l y by the l e a s t - s q u a r e s m e t h o d wi th the s t a t i s t i c a l 
va r i a t ion in the r e a c t o r p o w e r p r o d u c i n g s i m i l a r r e g u l a r s t a t i s t i c a l e r r o r s 
in the fit. F r o m the two c o n s t a n t s for the f i t ted l ine and t h e i r e r r o r s , t he 
final r e ac t i v i t y (and in i t i a l r e a c t i v i t y if r e q u i r e d ) and i t s e r r o r a r e d e t e r 
mined. The r e a s o n a b l e a p p r o x i m a t i o n i s m a d e tha t ( i / C R ) ( d C R / d t ) « Akg . 

The equa t ion u s e d i s CR(t) = a + bX(t ) , w h e r e CR(t) 
i s the i n s t an t aneous count r a t e 

SJ 

k„A 1 - : "" 
kePeff 

a constant af ter the rod m o v e m e n t if A, Sg. and i a r e c o n s t a n t s , A i s 
function of counter eff ic iency. 

Ak„ 
k „ | l - -

Kl^eiij 

a constant after the rod m o v e m e n t , and 

S. G. Carpenter, Reactivity Measurements in the Advanced Epithermal Thorium (AETR) Critical Experiments 
Nucl. Sci. Eng. 21. 429(1965). ' 



X(t) = ;^ ? H^'^'-^UoCRoKo + >-i J kgACRe^i' d t j , 

which can be solved from the count-rate history at each time point at which 
CR(t) is determined if A = AQ and kgo is estimated. (The resul t is so insen
sitive to kgo that it can be set to one without significant loss in accuracy.) 
Then, 

Akg/jSeff = ( l - l / b ) / ( l - / 3 g f f ) 

and 

A 
^K\ Ab 
3eff/ b^(l-/3eff) 

if Ab is small compared to b. 

b. Fas t Crit ical Exper iments--Exper imental Support--Ill inois 
(189a 02-013) 

(i) Neutron Spectroscopy Measurements 

Last Reported: ANL-7705, pp. 18-19 (June 1970). 

(a) The Soft Photon Response of Proport ional Counters 
for Neutron Spectroscopy ( E . F . Bennett) 

Proton-recoi l propcwtional counters, when set to view 
the low-energy region of spectra (down to about 1 kV), will respond readily 
to any soft photon incident upon the tube. These photons convert (by p r e 
dominantly Compton scattering in the stainless walls), and conversion 
electrons will ionize equivalent to low-energy recoil protons. 

Pulse-shape discrimination against electrons is effec
tive and is normally used in neutron-spectrum measurements . However, if 
the intensity of background is high, the detector may record predominantly 
electron-induced events and consequently neutron-s ignal- to-e lect ron back
ground will be poor. In an extreme case, the count-rate limitation of the 
electronics may be exceeded and no measurement is possible. 

Any shielding to reduce the sensitivity to photon back
ground is desirable, assuming that the extent of shielding does not also al ter 
the neutron spectrum. 

Alpha decay in fertile and fissile isotopes will introduce 
a very strong photon and electron component resulting from ionization during 
stopping of the alpha par t ic les . Most of this component is readily absorbed 



i n t h e m a t e r i a l i t s e l f , b u t a s u b s t a n t i a l e m i s s i o n w i l l e x i s t n e v e r t h e l e s s . 

T h e u p s h o t i s t h a t p r o p o r t i o n a l c o u n t e r m e a s u r e m e n t s n e a r a l p h a e m i t t e r s 

m a y b e a f f e c t e d b y b a c k g r o u n d , a n d i n o r d e r t o e s t i m a t e t h e m a g n i t u d e of 

t h i s b a c k g r o u n d a n d t h e e f f e c t of s h i e l d i n g , a s i m p l e e x p e r i m e n t w a s d o n e . 

S u c c e s s i v e l y t h i c k e r s l e e v e s of g o l d a n d l e a d w e r e 

w r a p p e d a r o u n d a h y d r o g e n - g a s - f i l l e d t u b e ( 2 . 5 4 c m i n d i a m e t e r a n d 7 . 5 c m 

l o n g ) , w h i c h w a s c o n t a i n e d i n a b l o c k of d e p l e t e d u r a n i u m . T h e c o u n t e r w a s 

s e t t o r e g i s t e r a l l e v e n t s i n e x c e s s of a b o u t l / 2 k V . R e s u l t s a r e s h o w n 

b e l o w : 

G a m m a D e t e c t i o n R a t e , 

E x t e n t of S h i e l d i n g c o u n t s p e r m i n 

N o n e * 3 3 3 , 2 7 0 

2 m i l s g o l d 9 6 , 6 2 6 

4 m i l s g o l d 5 3 , 3 0 2 

19 m i l s l e a d 4 4 , 3 1 6 

T h e r a p i d d e c r e a s e i n i t i a l l y c o r r e s p o n d s t o p h o t o n s 

w i t h e n e r g y l e s s t h a n 100 k V . At t h e p o i n t w h e r e a b o u t 10 m i l s l e a d h a s 

b e e n a d d e d , o n l y a v e r y s l o w s u b s e q u e n t a d d i t i o n a l r e d u c t i o n t h r o u g h s h i e l d 

i n g c a n b e e x p e c t e d . L e a d s h i e l d i n g , t o t h i s e x t e n t , w i l l h a v e n o o b s e r v a b l e 

e f f ec t u p o n t h e n e u t r o n s p e c t r u m a n d i s r e c o m m e n d e d i n a n y e x p e r i m e n t 

w h e r e c h a m b e r s a r e p l a c e d i n c o n t a c t w i t h u r a n i u m o r p l u t o n i u m m e t a l . 

c . P l a n n i n g a n d E v a l u a t i o n of F F T F C r i t i c a l A s s e m b l y 

E x p e r i m e n t s (A. T r a v e l l i ) ( I 8 9 a 0 2 - 0 1 5 ) 

L a s t R e p o r t e d : A N L - 7 7 4 2 , p p . 5 - 6 ( S e p t 1 9 7 0 ) . 

(i) M o r e A c c u r a t e C a l c u l a t i o n of I n f i n i t e D i l u t i o n W o r t h of 

B i n F T R - 3 P r e l i m i n a r y c a l c u l a t i o n s of t h e i n f i n i t e d i l u t i o n w o r t h of 

B at t h e c e n t e r of Z P R - 3 A s s e m b l y 5 6 B w e r e r e p o r t e d o n p a g e 7 of t h e 

A N L - F F T F C r i t i c a l E x p e r i m e n t s P r o g r a m M o n t h l y I n f o r m a l T e c h n i c a l 

P r o g r e s s R e p o r t , w h i c h u s e d t h e m e t h o d of D w a r k e t a l . , * * t o c a l c u l a t e s e l f -

s h i e l d i n g f a c t o r s t o b e a p p l i e d t o e x p e r i m e n t a l m e a s u r e m e n t s of b o r o n 

w o r t h r e p o r t e d i n t h e P r o g r e s s R e p o r t f o r A p r i l - M a y 1 9 6 9 , A N L - 7 5 7 7 

(pp . 19, 20 , a n d 3 3 ) . A m o r e a c c u r a t e t r e a t m e n t of t h e s e l f - s h i e l d i n g e f f e c t 

i n t h e s a m e e x p e r i m e n t s i s r e p o r t e d h e r e . 

T h e b o r o n s a m p l e s u s e d i n t h e w o r t h m e a s u r e m e n t s c o m 

p r i s e d a 0 . 2 - i n . - d i a , 1 . 6 8 8 - i n . - l o n g s o l i d c y l i n d e r w e i g h i n g 1 .011 g ; a 

0 . 3 9 1 - i n . - O D , 0 . 0 2 0 - i n . - t h i c k , 1. 6 8 8 - i n . - l o n g h o l l o w c y l i n d e r w e i g h i n g 

The counter wall thickness was 0.4 mm of stainless steel. 
J. Dwark, P. L. Hoffman, H. Hurwitz, Jr., and E. J. Clancy, Self-Shielding Factors for Infinitely Long 
Hollow Cylinders, KAPL-1262 (1955). 



0.691 g; and a 0 .391-OD, 0 . 0 1 0 - i n . - t h i c k , 1 .688- in . - long hol low c y l i n d e r 
we igh ing 0.406 g. The s a m p l e s w e r e 92.8 wt % b o r o n , and the b o r o n w a s 
92.1 wt % ' °B . 

To r e d u c e the c o m p u t a t i o n cos t , s e l f - s h i e l d i n g f a c t o r s 
w e r e c a l c u l a t e d in s p h e r i c a l g e o m e t r y r a t h e r than in t w o - d i m e n s i o n a l 
r z - g e o m e t r y . T h i s r e q u i r e d the def ini t ion of equ iva l en t s p h e r i c a l a n n u l a r 
s a m p l e s . The t h r e e p a r a m e t e r s - - o u t e r r a d i u s , i n n e r r a d i u s , and d e n s i t y 
of ° B - - w e r e ad ju s t ed for e a c h s p h e r i c a l s a m p l e so tha t it w a s e q u i v a l e n t 
to one of the finite c y l i n d r i c a l s a m p l e s in the s e n s e tha t it con ta ined the 
s a m e m a s s of '°B and had the s a m e f i r s t two a v e r a g e c h o r d m o m e n t s . The 
r a d i i of the s p h e r i c a l annul i i and t h e i r d e n s i t y r a t i o s wi th r e s p e c t to the 
f ini te c y l i n d r i c a l s a m p l e s a r e g iven in Tab le I .A.6 . 

T A B L E I .A .6 . Da ta on Equ iva l en t C y l i n d r i c a l and S p h e r i c a l S a m p l e s 

O u t e r R a d i u s , I nne r R a d i u s , Height , 
S a m p l e c m c m c m D e n s i t y Ra t io 

1 

2 

3 

C y l i n d e r 
S p h e r e 

C y l i n d e r 
S p h e r e 

C y l i n d e r 
S p h e r e 

0.25400 
0.75945 

0.49657 
1.08987 

0.49657 
1.08987 

0 
0.699039 

0.44577 
1.05926 

0.47117 
1.07530 

4.28752 

4 .28752 

4 .28752 

1.0 
2 .15111 

1.0 
1.45165 

1.0 
1.54306 

The r a t i o f of the a v e r a g e flux wi th in the s p h e r i c a l a n n u l a r 
s a m p l e p o s i t i o n wi th s a m p l e m a t e r i a l p r e s e n t to tha t wi th the s a m p l e m a t e 
r i a l not p r e s e n t w a s c a l c u l a t e d for e a c h of the 29 e n e r g y g r o u p s of t he 
A r g o n n e c r o s s - s e c t i o n se t 29004. (See R e a c t o r D e v e l o p m e n t P r o g r e s s 
R e p o r t , D e c e m b e r 1968, A N L - 7 5 2 7 , pp. 9 -10 . ) The a v e r a g e f luxes for 
e a c h g r o u p wi th and wi thout s a m p l e m a t e r i a l p r e s e n t w e r e ob t a ined f r o m 
s p h e r i c a l S-16 c a l c u l a t i o n s u s ing the S N A R G - I D c o d e . * 

The p e r t u r b a t i o n w o r t h for '°B at the c e n t e r of Z P R - 3 
A s s e m b l y 56B was c o m p u t e d in diffusion t h e o r y u s ing the M A C H - 1 c o d e . * * 
As b e f o r e , the p e r t u r b a t i o n - w o r t h c o m p o n e n t a s s o c i a t e d wi th e a c h g r o u p 
w a s then m u l t i p l i e d by the f c a l c u l a t e d for t ha t g r o u p , and the p r o d u c t s 
w e r e s u m m e d to give the c o m p u t e d p e r t u r b a t i o n w o r t h c o r r e c t e d for self-
sh i e ld ing . T h i s m e t h o d a s s u m e s tha t the adjoint flux for e a c h g r o u p o v e r 
the s a m p l e v o l u m e and without the s a m p l e in p l a c e i s a l m o s t the s a m e w h e n 
c a l c u l a t e d in diffusion t h e o r y o r in the S-16 a p p r o x i m a t i o n . It a l s o a s s u m e s 

*G. J. Duffy, H. Greenspan, S. D. Sparck. ]. V. Zapatka, and M. K. Butler, SNARG-ID, A One-dimensional 
Discrete-ordinate Transport Theory Program for the CDC-3600, ANL-7221 (1966). 

**D. A. Meneley, L. C. Kvitek, and D. M. OShea, MACH-1, A One-dimensional Diffusion Theory 
Package, ANL-7223 (June 1966). 



that the leakage component of the sample worth is negligible. The self-
shielding factor, F, for each sample was taken to be the ratio of the per tu r 
bation worth of '°B with or without the self-shielding correct ion. 

The five sample worth measurements were then corrected 
for self-shielding using the F factors. The resultant worth values were 
averaged with weights inversely proportional to the squares of the s t a t i s 
tical deviations of the worth values corrected for self-shielding. These 
statistical deviations include the experinaental stat ist ical deviation and an 
estimate of the statistical deviation in F. The central worth of '°B in 
ZPR-3 Assembly 56B is then found to be 6961 (ih/kg '°B). The relative 
statistical uncertainty of this result is estimated to be 1.5%, This value 
includes the rather large uncertainty due to the presence of heterogeneity 
in the core material that surrounded the various samples during the exper i 
ments. In addition, there may be small systematic e r r o r s due to the cal i 
bration of the autorod. (See ANL-7577, pp. 19,20, and 33.) 

3. ZPR-6 and -9 Operations and Analysis 

a. Fast Critical Facil i t ies Experiments and Evaluation--Il l inois 
(189a 02-179) 

(i) Mockup Critical Experiments 

Last Reported: ANL-7742, pp. 8-13 (Sept 1970). 

(a) Reactivity Worths of Simulated FTR Loops 
(R. M. Fleischman, R. B. Pond, C, D. Swanson, and 
J. W. Daughtry) 

The reactivity worths of simulated open and closed 
loops in FTR-3 have been measured. The purpose of these experiments 
is to provide data relative to large in-core perturbations of in teres t in the 
development of calculational models for use in fuel and test management of 
FTR. 

Simulation of open- and closed-loop compositions r e 
quired the use of drawer loading patterns not previously used in FTR-3 . 
Atom densities of each drawer loading and smeared atom densities for 
open- and closed-loop clusters are given in Table I.A.7. Two of the six 
matrix positions used to make an open-loop cluster (zone F in Fig. I.A.2) 
contain regular outer-core composition and were not changed in the simu
lation of the loop. The materials in these drawers were, however, used in 
calculating the smeared atom densities of an open loop. 

All reactor configurations achieved during the exper i 
ments and temperature corrected kg^ resul ts are described in Fig. I.A.2 
and table l.A.8. Columns 2-4 of Table I.A.8 describe the changes in 



TABLE I.A.7. As-built Atom Densities for Open and Closed Loops 

I s o t o p e o r 

E l e m e n t 

" » P u 

" ' P u 
" " P u 

^ • "Pu 

" 2 p u 

" ' P u + " ' P u 
240p„ ^ 242p^ 

P u 
235u 
23 8u 

U 
M o 

N a 

C 

O 
F e 
C r 
N i 

M n 

T y p e A 

-
0 . 5 6 3 1 
0 . 0 5 3 5 
0 . 0 0 4 4 

0 . 0 0 0 3 
0 . 5 6 7 5 
0 . 0 5 3 8 
0 . 6 2 7 3 

0 . 0 0 5 7 

2 . 4 8 3 6 
2 . 4 8 9 3 
0 . 0 5 8 2 
9 . 1 7 3 0 

0 . 0 7 3 2 

-
2 7 . 1 9 2 

7 . 8 4 4 8 
3 . 7 4 3 2 

0 . 5 7 6 0 

C l o s e d L o o 

T y p e B 

_ 
-
-
-
-
-
-
-
-
-
-

0 . 0 2 4 4 

9 . 4 9 5 7 

0 . 0 7 0 8 

-
2 6 . 2 9 7 

7 . 5 8 6 6 
3 . 6 2 0 0 

0 . 5 5 7 1 

A t o m D e n s i t i e s , 10^' 

3 

A v g ^ 

. 
0 . 1 8 7 7 
0 . 0 1 7 8 

0 . 0 0 1 5 

0 . 0 0 0 1 
0 . 1 8 9 2 

0 . 0 1 7 9 
0 . 2 0 7 1 

0 . 0 0 1 9 

0 . 8 2 7 9 
0 . 8 2 9 8 
0 . 0 3 5 7 
9 . 3 8 8 0 

0 . 0 7 1 6 

-
2 6 . 5 9 5 

7 . 6 7 2 6 
3 .6610 
0 . 5 6 3 4 

T y p e B 

1 .1774 
0 , 1 1 1 8 
0 . 0 0 9 2 

0 . 0 0 0 6 
1 .1866 
0 . 1 1 2 4 

1 .2990 

0 . 0 1 2 9 
6 . 0 0 8 5 
6 . 0 2 1 4 
0 . 4 3 0 4 

8 . 3 7 3 3 

1 .0859 
7 . 7 5 5 7 

1 8 . 9 7 6 
4 . 9 9 7 3 
2 . 3 8 4 5 
0 . 3 6 7 0 

a t o m s / c m ^ 

O p e n 

T y p e C 

0 . 0 0 0 6 
0 . 8 8 1 4 

0 . 1 1 6 7 

0 . 0 1 8 1 

0 . 0 0 1 9 
0 . 8 9 9 5 

0 . 1 1 8 6 
1 .0187 
0 . 0 0 6 5 

3 . 3 1 7 2 

3 . 3 2 3 7 

0 . 2 3 6 1 
1 0 . 4 7 0 

1.0710 

1 2 . 7 1 7 
1 6 . 7 4 2 

3 . 3 9 8 1 
1 .6215 

0 . 2 4 9 5 

L o o p 

T y p e D 

-
-
-
-
-
-
-

0 . 0 0 0 9 
0 . 8 1 3 0 

0 . 8 1 3 9 
0 . 0 1 6 4 

1 2 . 5 6 7 

1 .0868 

7 . 7 5 5 7 
1 9 . 3 0 1 

5 . 0 9 0 9 
2 . 4 2 9 2 

0 . 3 7 3 8 

A v g b 

0 . 0 0 0 3 

1 . 0 2 7 6 
0 . 1 1 4 1 

0 , 0 1 3 6 

0 . 0 0 1 3 
1 .0412 
0 . 1 1 5 4 

1 .1569 
0 . 0 0 9 7 

4 , 6 5 4 7 
4 . 6 6 4 4 
0 . 3 3 2 4 

9 . 5 3 1 0 

1 .0778 

1 0 . 2 3 6 
1 7 . 6 3 4 

4 . 1 3 3 2 
1 .9722 

0 . 3 0 3 5 

In one closed loop there are two Type A drawers and four Type B drawers. 
In one open loop there are two Type A (outer core drawer), two Type B, one Type C, and 
one Type D drawers. 

RADIAL SHIELD. RADIAL REFLECTOR 

Fig. I.A.2 

Reactor Zones Affected 
in Loop Experiments 

PERIPHERAL 
CONTROL ZONES 

l » M I « l i l B I I I I 1 I • I I 11 



TABLE I.A.8. Description of Reactor Configurations and 

k Results for Loop Experiments 
ex 

Loading 
No. 

11"* 

115 

116 

117 

118 

119 

a 
Zone 

Changes from 

Composition 
Removed 

Reference 

C 
D 
E 

A 

G 
H 

B 

I 
J 

Outer Core 
Outer Core 
Outer Core 

B:,C Control 

Inner Core 
Inner Core 

B^C Control 

Inner Core 
Inner Core 

Previous Loading 

Composition 
Added 

Open Loop B 
Open Loop C 
Open Loop D 

Radial Ref lec to r 

Closed Loop B 
Closed Loop A 

Radial Ref lec tor 

Closed Loop B 
Closed Loop A 

kex . 30° C. 
Ih 

+ 44.3 

-832 .3 

- 5 . 8 

-1414 

-366.8 

-1922 

b 

Ih 

4 . 1 

i l . 9 

4 . 1 

37 

4 . 0 

68 

See Fig. I.A.2 for description of reactor zones. 
Stat is t ical uncertainty based on redundancy of measurements, not 
absolute accuracy. Includes ±4 Ih uncertainty in reproducibility 
of assembly. 

reactor-zone compositions as they relate to zones described in Fig. I.A.2. 
AU kg^ measurements, temperature correct ions, and uncertainty est imates 
were carried out as described in ANL-7742. Table I.A.9 contains the 
details of the inverse-kinetics measurements . Loading 116, although 
slightly subcritical at an average core temperature of 30°C, was cri t ical 
for the temperature at which kg^ was measured. 

Subcritical neutron-flux data were monitored by four 
U fission chambers and one boron ion chamber located in the reflector 

regions. (See Progress Report for July 1970, ANL-7726, for locations of 
these detectors.) In addition, the current output from Sp. 11 (described in 
ANL-7742) was recorded for all reactor configurations. Table LA.10 l is ts 
the detector data for these experiments. 



TABLE I .A.9 . De ta i l s of Inverse Kinetics Rod Drop Measurements for Subc r i t i ca l 
Reactor Configurations in Loop Experiments 

L o a d i n g 
No. 

115 

117 

118 

119 

^ S e e Pre 

Tape No . 

1 0 / 8 / 7 0 - 1 
- 2 
- 3 
-1 

1 0 / 1 3 / 7 0 - 1 
- 2 
- 3 
- 4 

1 0 / 1 1 / 7 0 - 1 
- 2 
- 3 
-1+ 

1 0 / 1 6 / 7 0 - 1 
- 2 
- 3 
- u 

i g r e s s R e p o r t 

Rods Dropped^ 

Bor on 

1 , 2 , 4 , 5 , 7 , 8 
2 , 5 , 8 , 1 1 
2 , 4 , 6 , 8 , 1 0 , , 

3 , 6 , 1 2 
3 , 6 , 1 2 
3 , 6 , 1 2 
3 , 6 , 1 2 

1 - 8 , 1 0 - 1 2 
1 - 8 , 1 0 - 1 2 

1 - 8 , 1 0 - 1 2 

f o r A u g u s t 

, 1 0 , 1 1 

12 

1 9 7 0 , 

2 , 

ANL-

F u e l 

1-10 
1-10 
1-10 
1-10 

1-10 
3 , 5 
4 , 9 

3 , 5 , 6 , 7 , 9 
1-10 
1-10 
1-10 

7 7 3 7 , f o r 

.10 

l o t 

Used 

S p , 
S p . 
S p . 
S p . 

S p . 
S p . 
S p . 
S p . 

S p . 
S p . 
S p . 
S p . 

S p . 
S p . 
S p . 
S p . 

: a t l o 

11 
11 
11 
11 

11 
11 
11 
11 

11 
11 
11 
11 

11 
1 1 
1 1 
11 

n of 

Da ta 
S a m p l i n g 

Time 
( s e c ) 

1/15 
1/15 
1/15 
1/15 

1/15 
1/15 
1/15 
1/15 

1/15 
1/15 
1/15 
1/15 

1/15 
1/15 
1/15 
1/15 

k , T 
flh) 

- 8 6 1 . 1 
- 8 3 9 . 6 
- 8 3 2 . 0 
- 8 0 1 . 4 

- 1 3 3 9 
- 1 4 7 2 
- 1 3 6 6 
- 1 4 1 4 

- 3 4 9 . 5 
- 3 5 0 . 3 
- 3 4 8 . 3 
- 3 5 0 . 4 

- 1 9 1 5 
- 2 0 1 4 
- 1 7 5 4 
- 1 9 3 8 

c o n t r o l and s a f e t y 

Temp. 
C C ) 

3 2 . 7 
3 1 . 0 
3 0 . 0 
2 7 . 8 

2 5 . 2 
2 4 . 7 
2 5 . 1 
2 5 . 8 

2 5 . 1 
2 4 . 7 
2 5 . 0 
2 5 . 0 

2 4 . 9 
2 5 . 1 
2 5 . 1 
2 5 . 5 

r o d s . 

( I h ) 

- 8 5 1 . 9 
- 8 3 6 . 4 
- 8 3 2 . 0 
- 8 0 8 . 9 

- 1 3 5 5 
- 1 4 9 0 
- 1 3 8 3 
- 1 4 2 8 

- 3 6 6 . 4 
- 3 6 7 . 2 
- 3 6 6 . 5 
- 3 6 7 . 1 

- 1 9 3 3 
- 2 0 3 0 
- 1 7 7 2 
- 1 9 5 3 

k e x . 30° 
( I h ) 

- 8 3 2 . 3 

- 1 4 1 4 

- 3 6 6 . 8 

- 1 9 2 2 

TABLE I.A.10. Subcr i t i ca l Neutron-flux Data for Loop Experiments 

Fission Counters, counts/min^ 
Loading -

No. M32-32I' S13-13° 513-33" 527-19" 

Current Chambers , amps 

M23-23h Sp. l i e 

115 76,313 62,383 106,698 53,775 0.5539 x l O - ' " 0.3509 « 10" ' 

116 . - - - • 0.823 « 10" ' 

117 47,144 39,845 66,478 34,907 0.3120 x lO"'" 0.2361 « 10-' 

118 255,847 204,593 261,180 154,689 0.1331 x 10"' 0.1069 x 10-' 

119 50,609 41,612 51,457 31,284 0.2364 x 10"'" 0.2136 x lO"' 

^Count rates are average of 10 one-min counts. 
''See Progress Report for July 1970, ANL-7726, for description and location of flux-
detection equipment. 

*^Four '^B ion chambers in parallel suspended above stationary half columns 33-41 
near the midplane. 

(ii) Clean Crit ical Experiments (R. A. Lewis) 

Last Reported: ANL-7742, pp. 6-8 (Sept 1970). 

(a) Temperature Character is t ics of ZPR-6 Assembly 7 
(L. LeSage and E. Bohn) 

Several thermocouples have been loaded into ZPR-6 
Assembly 7 so that the temperatures of fuel plates located throughout the core 
may be monitored during operation. Each thermocouple has been attached to 



the s t a in l e s s s t ee l cladding on the s ide of a fuel p l a t e a s i n d i c a t e d in 
Fig I A.3. The loca t ions of 16 t h e r m o c o u p l e s c u r r e n t l y in the c o r e a r e 
l i s ted in Table I .A.I 1. Eight of the t h e r m o c o u p l e s , l o c a t e d in d r a w e r s S 2 6 -
23 and M26-23 , p rov ide an ax ia l t e m p e r a t u r e p r o f i l e , and four t h e r m o c o u p l e s 
(No. 5 through 8) p rov ide a r a d i a l t e m p e r a t u r e p r o f i l e . 

7/8" X 2" X 1/8" FejO, 

1/8" GAP WITH 
THERMOCOUPLE 
TAPED TO FUEL PLATE 

Fig. I.A.3. End View of Unit Cell with Thermocouple 
Attached to the Outside of a Fuel Plate 

TABLE I . A . 1 1 . L o c a t i o n s of T h e r m o c o u p l e s i n ZPR-6 Assembly 7 

I h e r n o c o t p l e 
No. 

Drawer 

Haifa Row Column 
Location in Drawer 

(distance from center of core. in.) 

1 
2 
3 
H 
5 
6 
7 
8 
9 
10 
11 
12 
13 
It 
15 
16 

S 
S 
s 
s 
s 
s 
s 
s 
s 
s 
M 
M 
M 
M 
M 
M 

26 
26 
25 
26 
24 
24 
24 
24 
33 
13 
26 
26 
26 
26 
33 
13 

23 
23 
23 
23 
18 
15 
12 
09 
28 
18 
23 
23 
23 
23 
28 
18 

28 
20 
11 
2 
2 
2 
2 
2 
28 
28 
28 
20 
11 
2 
28 
28 

stationary half, M = movable half. 



T h e r m o c o u p l e r e a d i n g s w e r e r e c o r d e d at 10 m i n i n 
t e r v a l s d u r i n g r e a c t o r o p e r a t i o n on O c t o b e r 20, 1970. Dur ing o p e r a t i o n , 

the r e a c t o r - c e l l a i r condi t ion ing was 
on con t inuous ly and the r e a c t o r c o o l 
ing fans r a n at an i n t e r m e d i a t e s p e e d 
(18 in. H2O p r e s s u r e a c r o s s the c o r e ) . 
Ax ia l t e m p e r a t u r e p r o f i l e s for v a r i 
ous t i m e s dur ing the o p e r a t i o n a r e 
d i sp l ayed in F ig . I .A.4 . The a x i a l 
p rof i l e i s r e l a t i v e l y flat at the b e g i n 
ning of o p e r a t i o n ( cu rve l ) . With the 
ha lve s t o g e t h e r and cool ing a i r e n t e r 
ing the r e a c t o r m a t r i x t h r o u g h the 
back of the m o v a b l e half, the t e m p e r a 
t u r e d r o p s r a p i d l y at the r e a r of the 
m o v a b l e half ( cu rve 2). As cool ing 
con t inues , the t e m p e r a t u r e s d r o p 
along the r e a c t o r ax i s and e v e n t u a l l y 
(af ter about 2 h r of o p e r a t i o n ) e s t a b 
l i sh an e q u i l i b r i u m pro f i l e ( c u r v e 4). 

DISTANCE FROM REACTOR MIDPLANE. in. 

Fig. I.A.4 
Axial Temperature Profiles Recorded during ZPR-6 
Assembly 7 Reactor Operation on October 20, 1970. 
Curve 1, reactor halves together, cooling fans have 
been on for 4 min; curve 2, reactor critical, cooling 
fans have been on for 24 min; curve 3, cooling fans 
have been on for 1 hr 14 min: curve 4, cooling fans 
have been on for 3 hr 14 min. 

The r a d i a l t e m p e r a t u r e p r o f i l e 
at the r e a c t o r m i d p l a n e was found to be 
n e a r l y flat f r o m c o r e c e n t e r to edge 
dur ing o p e r a t i o n . The a v e r a g e a x i a l 
and r a d i a l t e m p e r a t u r e s du r ing r e a c t o r 

o p e r a t i o n a r e shown in F i g . I. A. 5. H e r e it i s s een tha t a f t e r the h a l v e s a r e 
c l o s e d , n e a r l y 2 h r a r e r e q u i r e d to r e a c h a t e m p e r a t u r e e q u i l i b r i u m . 

A p r e l i m i n a r y va lue of the t e m p e r a t u r e coeff ic ient of 
r e a c t i v i t y for A s s e m b l y 7 was obta ined by i n s e r t i n g a c o n t r o l rod to y ie ld 
an i n i t i a l p e r i o d c o r r e s p o n d i n g to 4 Ih and r e c o r d i n g the t e m p e r a t u r e i n 
c r e a s e ( t h e r m o c o u p l e s 1, 4 , 12, 13, and 14) and r e a c t i v i t y d e c r e a s e o v e r 
20 m i n . The p e r i o d was ana lyzed s e v e r a l t i m e s dur ing the run by the 
H u r l i m a n n - S c h m i d t e c h n i q u e . * An i n c r e a s e in a v e r a g e t e m p e r a t u r e of 
0.63°C and a r e a c t i v i t y d e c r e a s e of 2.2 Ih w e r e r e c o r d e d , giving a t e m p e r a 
t u r e coef f ic ien t of r e a c t i v i t y of 3.5 Ih / °C . 

An ind ica t ion of the effect of t e m p e r a t u r e on the r e s u l t s 
of v a r i o u s r e a c t i v i t y c a l i b r a t i o n t e c h n i q u e s m a y be deduced f r o m d a t a in 
Tab le LA. 12 which d i s p l a y s the c o m p a r i s o n of the i n v e r s e k i n e t i c s and 
H i i r l i m a n n - S c h m i d p e r i o d m e t h o d s of r e a c t i v i t y m e a s u r e m e n t . With the 
r e a c t o r s t a b l e and a few i n h o u r s s u b c r i t i c a l , a D P rod was d r i v e n into the 
c o r e . The r e s u l t i n g r e a c t i v i t y change was a n a l y z e d by i n v e r s e k i n e t i c s 
d u r i n g and i m m e d i a t e l y following the r e a c t i v i t y change and by the p e r i o d 

*T. Hurlimann and P. Schmid, Determination of the Stable Reactor Period in the Presence of a Neutron 
Source, Nucleonik^, No. 6 (1963). 



HALVES TOGETHER 

CRITICAL 

RUN NO. 

O AXIAL TRAVERSE AVERAGE TEMPERATURE 

A RACIAL TRAVERSE AVERAGE TEMPERATURE 

i 
i I i 

i 

n. n . Til n i n 
.Vv*n\,yV. 

rr 
13 30 I 
TIME, hr 

Fig. I.A.5. Average Axial and Radial Temperatures during ZPR-6 Assembly 7 Reactor Operation 
on October 20, 1970. Runs 1 through 6 refer to period-reactivity measurements during 
which the reactor power rose a factor of 15 over the reference power. At the end of 
each run, the reactor was returned to the reference power. 

TABLE I.A.12. Comparison of Inverse Kinetics and Hurlimann-Schmid 
Methods of Reactivity Measurement in ZPR-6 Assen\bly 7 

Inverse Kinetics^ 

Initial Reactivity, Ih Final Reactivity, Ih 

Hiirlimann-Schmid 
Periodb 

Final Reactivity, Ih 

-12.673 

-14.328 

-14.416 

-14.185 

-14.081 

-14.348 

15.478 

8.323 

8.159 

8.233 

8.180 

6.*29 

16.502 
8.628 
8.650 
8.694 

7.945 
7.936 
7.840 

8.108 
8.171 

7.960 
7.876 
7.966 

6.096 
6.035 
6.031 

Reactor was initially subcritical; a rod was inserted to give a final reactivity. 
•'As the reactor power rose, period measurements were obtained until the chamber 

current exceeded the range of the computer input devices. 
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method, a number of t imes, a few minutes after the reactivity change. The 
two methods agree to within 4% for all runs, the largest difference being 
obtained for Run 1 during which the reactor was still cooling down (see 
Fig. I.A.5). The differences in the final reactivit ies computed with each 
method appear to be due, at least in part, to temperature changes in the 
core during measurement . As indicated in Fig. I. A. 5, the average t em
perature in the core may change by 0.25°C during a measurement . 

4. ZPPR and ZPR-3 Operations and Analysis 

a. Fas t Critical Facil i t ies Experiments and Evaluation--Idaho 
(189a 02-181) 

(i) Clean Critical Experiments (P. I. Amundson) 

Last Reported: ANL-7742, pp. 15-16 (Sept 1970). 

(a) ZPPR Assembly 2 (R. E. Kaiser) 

Operations have been resumed following cell- integri ty 
tes t s . Some additional radial reactivity t r ave r ses were performed with 
tantalum and '°B samples, and a new reference core was established with 
boron shim control and no fuel-spiked control rods. Work was then begun 
on a p rogram of comprehensive measurements on the worths, interaction 
effects, and flux distortion of boron and tantalum control rods. 

The reactivity t r ave r se s were performed by inverse-
kinetics techniques, with the sample moving from full out to full in and back, 
in steps of 2.173 in. (one matrix-tube widtK). The stepwise motion provides 
sufficient data for an accurate evaluation of reactor drift, and the inve r se -
kinetics technique eliminates the need for a calibrated autorod. The samples 
used were °B and tantalum and were intended, along with previous m e a s u r e 
ments , to provide data for the program of control-rod studies now in 
p rogress . 

A new reference core was established, with equal zone 
volumes, after the installation of shim-control rods had eliminated the need 
for spiked control rods. The interface diagram of this core is shown in 
Fig. I.A.6. The corrected cri t ical mass has not yet been determined, 
though it should be very close to the same as the previously quoted values 
for the 50/50 core. The volume of the new version is 2400 l i t e r s . 

An extensive program of experiments on control rods 
and control-rod mater ia l s has been started. Measurements performed to 
date include small sample radial reactivity t r ave r ses and central worths, 
and measurements of the worth of 6-in.-long plate and rod samples in an 
experimental drawer (reported in P rogres s Report for Apri l-May 1970, 
ANL-7688). Both boron and tantalum samples were used. 
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0 OUTEfi CORE DOUBLE COLUMN DRIWEPS 

Q CONTROL HOOS C, • NILF I . C ; - HILF 2 

[ ] POISON SAFETY (OH SHIM) ROOS 

lALF 7 IS * 

OF HALF I 

Fig. I.A.6. Reference Loading for Assembly 2 with Equal Zone Volumes 
and No Spiked Control Rods. ANL Neg. No. ID-103-A11520. 

( i i ) M o c k u p C r i t i c a l E x p e r i m e n t s (W. P . K e e n e y , 

R. O . V o s b u r g h , a n d D . M e n e g h e t t i ) 

L a s t R e p o r t e d : A N L - 7 7 4 2 , p p . 1 6 - 2 1 ( S e p t 1 9 7 0 ) . 

(a) E x p e r i m e n t a l S t a t u s . T h e e x p e r i m e n t a l p r o g r a m of 
A s s e m b l y 62 , S e c o n d S t e p , h a s b e e n c o m p l e t e d . T h e f i n a l e x p e r i m e n t s 
c o n d u c t e d w e r e g a m m a - d o s e m e a s u r e m e n t s u s i n g t h e r m o l u m i n e s c e n t 
d o s i m e t e r s , fo i l i r r a d i a t i o n s , a n d a s u p p l e m e n t a r y t a n t a l u m w o r t h a n d 
s e l f - s h i e l d i n g m e a s u r e m e n t . A f t e r a s u f f i c i e n t w a i t i n g p e r i o d t o a l l o w 
d e c a y of c o r e r a d i a t i o n , t h e f i s s i l e m a t e r i a l w a s r e m o v e d f r o m t h e c o r e 
r e g i o n . L o a d i n g of p a r t i a l d r i v e r a n d o x i d e - t y p e c o r e d r a w e r s f o r t h e 
i n i t i a l c o n f i g u r a t i o n of A s s e m b l y 63 i s n o w i n p r o g r e s s . 
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(b) Experimental Results, Assembly 62, Second Step 

(1) Thermoluminescent Dosimeter Measurements in 
Assemblies 61 and 62 (G. G. Simons) 

Thermoluminescent dosimeter (TLD) dose mapping 
studies s imilar to those reported for ZPR-3 Assembly 60 (see Reactor 
Development P r o g r a m Progress Report for April-May 1970, ANL-7688, 
pp. 35-42) were completed in ZPR-3 Assemblies 61 and 62. TLD dose 
heterogeneity measurements were also made across the core/ ref lector 
and reflector/blanket interfaces. 

Both axial and radial dose t r ave r ses were com
pleted throughout the two assemblies. Figure I.A.7 shows the result of the 
relative radial dose t raverses along the P row. These curves are normal 
ized to the dose near the core center. 

The heterogeneity and boundary dose t r ave r ses 
across drawers 1-P-1 l / l - P - 1 0 and I - P - 7 / I - P - 6 , the core/ref lector and 
reflector/blanket interfaces, are shown in Figs. I.A.8 and I.A.9. The 
centerline of the TLD marked as "Reference TLD," in drawer 1-P-lO, was 
at a position approximately equivalent to the radial drawer position of the 
steel inser t s used in the dose t raverse measurements . 

RADIAL DISTANCE FROM CORE CENTERLINE 
(INCHES! 

Fig. I.A.7. ZPR-3 Assemblies 61 and 62 TLD-
700 Radial Traverses, P Row. ANL 
Neg. No. ID-103-A11502. 

l-P-6 12056 11680 | .p.7 9800 

HORIZONTAL DISTANCE FROM CORE 4. (Inchas) 

Fig. I.A.8. ZPR-3 Assembly 61 TLD Traverses across 
Core/Reflector and Reflector/Blanket 
Interfaces. ANL Neg. No. ID-103-A2104. 
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Fig. I.A.9. ZPR-3 Assembly 62 TLD Traverses across 
Core/Reflector and Reflector/Blanket Inter
faces. ANL Neg. No. ID-103-A11501 Rev. 1. 

l - P - 9 . F i g u r e I . A . 14 s h o w s t h e c o u n t e r 
t h e t h r e e m a t r i x p o s i t i o n s . 
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m e n t s p e r t a i n i n g t o T L D e x p o 

s u r e f r o m r e s i d u a l g a m m a r a y s 
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( G . G . S i m o n s ) 

T h r e e f a s t - n e u t r o n 

s p e c t r u m m e a s u r e m e n t s w e r e 

c o m p l e t e d i n Z P R - 3 A s s e m 

b l y 62 ( s e e F i g . I . A . 1 0 ) u s i n g 

t h e p r o t o n - r e c o i l p r o p o r t i o n a l 
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d r a w m a t e r i a l l o a d i n g s f o r 

Fig. I.A.IO 
ZPR-3 Assembly 62 Loading Diagram 
for Neutron Spectrum Measurements. 
ANL Neg. No. ID-103-A2H8. 
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Fig. I.A.ll. ZPR-3 Assembly 62 Neuuon Spectrum Measured in Location l-P-16 
(core center). ANL Neg. No. ID-103-A2147 Rev. 1. 



ENEflGY CKEV) 

Fig. I.A.12. ZPR-3 Assembly 62 Neutron Specuum Measured in Location 1-P-ll 
(core/reflector interface). ANL Neg. No. ID-103-A2145 Rev. 1. 



Fig. I.A.13. ZPR-3 Assembly 62 Neutron Spectrum Measured in Location l-P-9 
(reflector).. ANL Neg. No. ID-103-A2144 Rev. 1. 
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Fig. I.A.14. Proportional Counter Drawer Loadings for ZPR-3 
Assembly 62. ANL Neg. No. ID-103-A2120. 

The s a m e c a l i b r a t i o n t echn ique and c o u n t e r s w e r e 
used to comple te t he se m e a s u r e m e n t s a s d e s c r i b e d p r e v i o u s l y for Z P R - 3 
A s s e m b l y 61. (See June 1970 P r o g r e s s Repor t , A N L - 7 7 0 5 , pp . 33 -35 . ) 

(3) Addi t ional T a n t a l u m Wor th and S e l f - s h i e l d i n g 
M e a s u r e m e n t . A t a n t a l u m w o r t h and s e l f - s h i e l d i n g m e a s u r e m e n t was 
p e r f o r m e d in addit ion to the two m e a s u r e m e n t s r e p o r t e d p r e v i o u s l y ( see 
Sep tember P r o g r e s s Repor t , ANL-7742) . F o r t h i s m e a s u r e m e n t , w o r t h of 
volumes l / 4 x 2 x 2 and l-j x 2 x 2 of t a n t a l u m w e r e m e a s u r e d in r a d i a l 
posi t ion ( l - P - 1 2 ) one m a t r i x loca t ion f r o m the c o r e - r e f l e c t o r b o u n d a r y . 
The t an ta lum p la t e s w e r e p l aced h o r i z o n t a l l y in the 7- to 9 - in . p o s i t i o n 
f rom the r e a c t o r in te r face (Z = 6.5 to 8.5 in . ) . The m a s s e s of the t a n t a l u m 
and the r e s u l t s of the m e a s u r e m e n t a r e t abu la t ed in Tab le I .A .13 . 

TABLE I .A.13. Assembly 62, Second S t ep , Tantalum-worth 
and S e l f - s h i e l d i n g Measurements 

Position in l-P-12 
Relative to ZPR-3 
Interface (in.) 

7 - 9 

7 - 9 

Sample Size, in. 

1 / 4 x 2 x 2 

1 1 / 4 x 2 x 2 

Mass, gm. 

260.64 

1311.72 

Worth Relative 
to Void 

.0065% Ak/k 

.0220% Ak/k 

(4) Simulated Boron-rod Studies. To simulate a boron-
poisoned safety rod, the upper gap and upper reflector of a normal core 
drawer were modified to contain a 13-in. natural boron region backed by a 
rod follower region. The N values for these two regions are given in 
Table LA. 14. Figure I.A.I 5 is a front view of the drawer loading for the 
boron rod and its follower. With the boron region in the rod-up position, 
rod movement was simulated in increments by moving the boron region 
down, i.e., sliding all the mater ia l in the drawers down and for each step 
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r e m o v i n g l o w e r r e f l e c t o r a n d a d d i n g f o l l o w e r m a t e r i a l . T h e r e w e r e f o u r 

a x i a l p o s i t i o n s a t w h i c h t h e w o r t h of t h e s i m u l a t e d b o r o n r o d w a s m e a s u r e d . 

T h e s e w e r e : ( l ) R o d f u l l u p , (2) r o d i n s e r t e d i n t h e c o r e r e g i o n 2 i n . , 

(3 ) r o d a t t h e r e a c t o r i n t e r f a c e , a n d (4) r o d f u l l y i n s e r t e d i n t h e c o r e r e g i o n . 

T h e s e f o u r p o s i t i o n s a n d t h e r e l a t i v e l o c a t i o n of t h e c o r e m a t e r i a l i n t h e 

d r a w e r a r e s h o w n i n F i g . I . A . 1 6 . 

Na 

B4C 

B4C 

B4C 

B4C 

B4C 

B4C 

B4C 

B4C 

No 

B4C 

B4C 

6 4 0 

B4C 

BaC 

B4C 

B4C 

B^C 

No s No No 

E
M

P
T

Y
 

N
o 

C
A

N
S

 

Na 

E
M

P
T

Y
 

N
o 

C
A

N
S

 

No s 

Fig. I.A.15 
Front View of Boron Region and 
Follower Region of Simulated 
Boron Rod, Assembly 62. ANL 
Neg. No. ID-103-A2149. 

TABLE I.A.14. Assembly 62, Second Step, 
Composition of Simulated Boron Rod 

Region and Rod Follower Region 

(Units; lO "̂* atoms/cc) 

Element 

B-10 

B-11 

C 

Na 

Fe 

Cr 

Ni 

Mn 

Si 

Boron Rod 

.007434 

.031315 

.010437 

.009117 

.008696 

.002163 

.000947 

.000090 

.000106 

Rod Follower 

--
--
--

.010742 

.017828 

.004435 

.001941 

.000185 

.000217 

LOWER REFLECTOR 
iJWEI 

GAP 
CORE 

UPPER 

GAP 
UPPER REFLECTOR 

NORMAL CORE DRAWER 

1 — 5"*-

LOWER REFLECTOR 
.OWER 

GAP 
CORE 

UPPER 

GAP 
BORON ROD 

F O L L 

OWER 

ROO FULL UP 

LOWER REFLECTOR 
X)W£f 

GAP 
CORE 

UPPER 

GAP 
BORON ROD FOLLOWEft 

ROD IN CORE REGION 2" 

LOWER 

REFLECTOR 

i M E F 

GAP 
CORE 

UPPER 

GAP 
BORON ROD FOLLOWER 

ROD AT REACTOR INTERFACE 
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Fig. I.A.16. Relative Positions of Simulated Boron Rod to 
Core Regions, Assembly 62. ANL Neg. 
No. ID-103-A2148 Rev. 1. 

T h e s i m u l a t e d b o r o n - r o d w o r t h s w e r e m e a s u r e d 

i n t w o m a t r i x l o c a t i o n s . In P - 1 2 , t h e w o r t h of t h e b o r o n r o d i n t h e f u l l - u p 

a n d a t t h e r e a c t o r i n t e r f a c e p o s i t i o n s r e l a t i v e t o n o r m a l c o n f i g u r a t i o n w a s 

m e a s u r e d . I n a d d i t i o n , w i t h t h e b o r o n r o d a t t h e i n t e r f a c e , e d g e c o r e 

d r a w e r s w e r e a d d e d t o b r i n g t h e s y s t e m c r i t i c a l a n d a x i a l r e a c t i o n r a t e 

t r a v e r s e s w e r e m e a s u r e d u s i n g ^^^U, U, a n d B c o u n t e r s i n t h e a d j a c e n t 

m a t r i x ( P - H ) l o c a t i o n t o t h e b o r o n r o d . T h e r e s u l t s of t h e r e a c t i o n - r a t e 

t r a v e r s e s i n P - 1 1 w i t h t h e r o d a t t h e i n t e r f a c e a r e g i v e n i n T a b l e s I . A . 1 5 

a n d I . A . 1 6 . I n t h e s e c o n d l o c a t i o n , P - 1 6 , t h e w o r t h of t h e b o r o n r o d a t a l l 
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TABLE I.A.15. Assembly 62, Second Step, Axial ^SSy ^^^ 238^ 
Counter Traverses Adjacent to Simulated Boron Rod in P-12. 

Simulated rod inserted to reactor interface. 

Position (in.) 

24.56 
23.56 
21.56 
20.56 
19.56 
18.56 
17.56 
16.56 
15.56 
14.56 
13.56 
12.56 
11.56 
10.56 
9.56 
8.56 
7.56 
6.56 
5.56 
4.56 
3.56 
2.56 
1.56 

- 0.53 
0 

+ 0.50 
+ 1.50 
+ 2.50 
+ 3.50 
+ 4.50 
+ 5.50 
+ 6.50 
+ 7.50 
+ 8.50 
+ 9.50 
+10.50 
+11.50 
+12.50 
+13.50 
+14.50 
+15.50 
+16.50 
+17.50 
+18.50 
+20.50 
+24.50 
+28.50 
+29.50 
+.50.50 
+il.bO 

U-235 

Rel. Count 

__ 
.7039 
.8260 
.8694 
.9154 
.9379 
.9588 
.9833 

1.0143 
1.0568 
1.0948 
1.1205 
1.1541 
1.1529 
1.1423 
1.1351 
1.0842 
1.0184 
.9505 
.9611 
.9844 
.9895 

1.0013 
1.0002 
1.0000 
.9899 
.9757 
.9509 
.9307 
.9079 
.8958 
.9394 

1.0238 
1.0697 
1.0901 
1.1148 
1.1279 
1.1659 
1.2193 
1.2542 
1.2381 
1.2117 
1.1749 
1.1200 
.9941 
.6866 
.3374 
.2500 
.1615 
.1133 

Error 

--
.78 
.74 
.73 
.72 
.72 
.71 
.71 
.70 
.69 
.69 
.69 
.68 
.68 
.68 
.68 
.69 
.70 
.71 
.71 
.71 
.71 
.70 
.70 
--
.71 
.71 
.71 
.72 
.72 
.72 
.72 
.70 
.69 
.69 
.69 
.68 
.68 
.67 
.67 
.67 
.67 
.68 
.69 
.71 
.78 
-.99 
1.12 
1.34 
1.57 

U-238 
Rel. Count 

.0104 

--
.0188 

--
.0370 

--
.0722 

--
.1092 

--
.1494 
.1793 
.2152 
.2489 
.3058 
.3684 
.4659 
.6218 
.7901 
.8854 
.9498 
.9886 

1.0103 
.9997 

1.0000 
1.0027 
.9748 
.9429 
.8889 
.8148 
.7234 
.5516 
.3982 
.3034 
.2403 
.1895 
.1504 
.1210 
.C965 
.0765 

--
.0470 
--

.0297 

.0178 

.0070 

.0024 

--
--
--

Error 

2.42 

--
1.81 

1.30 

--
.94 
--
1.11 

--
.96 
.89 

1.17 
1.10 
1.01 
.95 
.87 
.79 
.74 
.71 
.70 
.69 
.69 
.69 
--
.69 
.70 
.70 
.71 
.73 
.76 
.82 
.92 

1.02 
1.11 
.87 
.96 

1.06 
.83 
.92 
--

1.16 
--

1.45 
1.86 
2.94 
4.99 
--
--
--
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TABLE I.A.16. Assembly 62, Second Step, Axial 1"B Counter 
Traverse Adjacent to Simulated Boron Rod in P-12. 

Simulated rod inserted to reactor interface. 

Position Un.) 

23.56 
21.56 
20.56 
19.56 
18.56 
17.56 
16.56 
15.56 
14.56 
13.56 
12.56 
11.56 
10.56 
9.56 
8.56 
7.56 
6.56 
5.56 
4.56 
3.56 
2.56 
1.56 

- 0.53 
0 

+ 0.50 
+ 1.50 
+ 2.50 
+ 3.50 
+ 4.50 
+ 5.50 
+ 6.50 
+ 7.50 
+ 8.50 
+ 9.50 
+10.50 
+11.50 
+12.50 
+13.50 
+14.50 
+15.50 
+16.50 
+17.50 
+18.50 
+20.50 
+24.50 
+28.50 
+29.50 
+30.50 

Boron-Plated Side 
B-lO (.N + GJ 

Kel. Count 

1.3974 
1.6011 
1.6798 
1.7076 
1.7217 
1.7391 
1.7508 
1.7770 
1.7979 
1.8273 
1.8427 
1.8407 
1.8360 
1.7934 
1.7052 
1.6225 
1.4628 
1.3310 
1.3160 
1.3182 
1.3265 
1.3407 
1.3456 
1.3300 
1.3311 
1.3009 
1.2837 
1.2438 
1.2310 
1.2550 
1.3630 
1.5138 
1.6151 
1.7070 
1.7895 
1.8882 
1.9898 
2.1122 
2.1888 
2.2192 
2.2116 
2.1599 
2.0898 
1.9122 
1.3535 
.6661 
.4863 
.3369 

Krror 

.76 

.74 

.73 

.73 

.73 

.72 

.72 

.72 

.72 

.72 

.72 

.72 

.72 

.72 

.73 

.73 

.75 

.76 

.77 

.77 

.76 

.76 

.76 
--
.76 
.77 
.77 
.77 
.78 
.77 
.76 
.74 
.73 
.73 
.72 
.71 
.71 
.70 
.70 
.69 
.69 
.70 
.70 
.71 
.76 
.91 

1.01 
1.15 

Blank Side 
B-lO IG J 

Kel. Count 

.0131 

.0182 

.0246 

.0289 

.0327 

.0378 

.0466 

.0575 

.0672 

.0787 

.0916 

.1026 

.1180 

.1388 

.1622 

.1901 

.2220 

.2567 

.2903 

.3105 

.3266 

.3301 

.3307 

.3300 

.3275 

.3250 

.3075 

.2871 

.2636 

.2396 

.1962 

.1641 

.1351 

.1203 

.0967 

.0876 

.0744 

.0615 

.0536 

.0442 

.0376 

.0323 

.0272 

.0191 

.0102 

.0043 

.0035 

.0030 

trror 

5.10 
4.34 
3.74 
3.46 
3.26 
3.04 
2.75 
2.48 
2.31 
2.14 
2.00 
1.90 
1.78 
1.66 
1.55 
1.45 
1.36 
1.28 
1.22 
1.19 
1.16 
1.16 
1.16 

--
1.16 
1.17 
1.19 
1.22 
1.27 
1.32 
1.43 
1.54 
1.68 
1.77 
1.95 
2.04 
2.20 
2.41 
2.51 
2.82 
3.04 
3.28 
3.56 
4.23 
5.78 
8.89 
9.87 
10.55 

Difference 
B-10 (.N + G - GJ 

l̂ el. Lount 

1.3842 
1.5829 
1.6550 
1.6786 
1.6889 
1.7012 
1.7041 
1.7193 
1.7304 
1.7483 
1.7508 
1.7378 
1.7176 
1.6541 
1.5426 
1.4319 
1.2402 
1.0738 
1.0250 
1.0071 
.9992 

1.0100 
1.0143 
1.0000 
1.0031 
.9753 
.9756 
.9561 
.9669 

1.0150 
1.1662 
1.3492 
1.4796 
1.5862 
1.6925 
1.8003 
1.9151 
2.0504 
2.1350 
2.1748 
2.1738 
2.1275 
2.0626 
1.8930 
1.3433 
.6618 
.4828 
.3338 

hrror 

.76 

.74 

.73 

.73 

.73 

.73 

.73 

.73 

.72 

.72 

.72 

.72 

.73 

.73 

.74 

.75 

.78 

.80 

.81 

.81 

.82 

.81 

.81 
--
.82 
.82 
.82 
.83 
.82 
.81 
.79 
.76 
.75 
.74 
.73 
.72 
.71 
.70 
.70 
.70 
.70 
.70 
.70 
.71 
.76 
.92 

1.01 
1.16 



f o u r p o s i t i o n s d e s c r i b e d a b o v e v e r s u s n o r m a l c o r e c o n f i g u r a t i o n w a s m e a s 

u r e d . A s b e f o r e , w i t h t h e b o r o n r o d a t t h e i n t e r f a c e i n P - 1 6 , e d g e c o r e 

d r a w e r s w e r e a d d e d t o b r i n g t h e s y s t e m c r i t i c a l . T h e n a x i a l r e a c t i o n - r a t e 

t r a v e r s e s w i t h ^^^U, ^ ' °U, a n d ' ° B w e r e m e a s u r e d i n t h e a d j a c e n t m a t r i x 

l o c a t i o n ( P - 1 5 ) . T h e r e s u l t s of t h e r e a c t i o n - r a t e t r a v e r s e s a r e t a b u l a t e d 

i n T a b l e s I . A . 1 7 a n d I . A . 1 8 . 

T h e r e s u l t s of t h e b o r o n r o d w o r t h m e a s u r e m e n t s 

i n P - 1 2 a n d P - 1 6 a r e g i v e n i n T a b l e I . A . I 9 . T h e s u b c r i t i c a l m e a s u r e m e n t s 

w e r e p e r f o r m e d u s i n g t w o m e t h o d s . U n d e r t h e l i s t i n g " I n v e r s e K i n e t i c s " 

i n T a b l e I . A . 1 9 , a l l n e g a t i v e v a l u e s w e r e o b t a i n e d b y t h e s t a n d a r d r o d - d r o p 

t e c h n i q u e u s i n g t h e p o w e r - h i s t o r y d a t a . T h e e r r o r s q u o t e d a r e t h o s e 

d e r i v e d f r o m t h e r o d - d r o p a n a l y s i s a n d m u l t i p l e m e a s u r e m e n t s . A l l p o s i 

t i v e k g x d a t a i n b o t h c o l u m n s w e r e e i t h e r o b t a i n e d b y t h e s t a n d a r d s u b -

c r i t i c a l c o u n t - r a t e m e t h o d , i n w h i c h t h e c o n t r o l - r o d c a l i b r a t i o n i s a s s u m e d 

t o r e m a i n c o n s t a n t , o r t h e p o s i t i o n of t h e c o n t r o l r o d a t c r i t i c a l w a s i n t e r 

p r e t e d a s a m e a s u r e m e n t of e x c e s s r e a c t i v i t y . T h e e r r o r s q u o t e d i n t h e s e 

d a t a a r e t h o s e a t t r i b u t e d t o t h e c o u n t r a t e s o n l y a n d d o n o t i n c l u d e t h e 

u n c e r t a i n t i e s i n c o n t r o l - r o d c a l i b r a t i o n . 

( i i i ) D o p p l e r E x p e r i m e n t s ( R . E . K a i s e r ) 

L a s t R e p o r t e d : A N L - 7 7 4 2 , p . 21 ( S e p t 1 9 7 0 ) . 

P r e p a r a t i o n s a r e b e i n g m a d e f o r a s h a k e d o w n r u n of t h e 
Z P P R r e a c t i v i t y D o p p l e r s y s t e m a f t e r c o m p l e t i o n of t h e c o n t r o l - e l e m e n t 
e x p e r i m e n t p r o g r a m . 

T h e P u O j D o p p l e r e x p a n s i o n e f f e c t s i n Z P R - 3 h a v e b e e n 

a n a l y z e d , b u t t h e r e s u l t s i n d i c a t e t h e n e e d f o r f u r t h e r w o r k o n t h i s a s p e c t 

of t h e p r o b l e m . T h e s m a l l , p o s i t i v e D o p p l e r e f f e c t w a s m o r e t h a n c o u n t e r 

b a l a n c e d b y t h e l a r g e , n e g a t i v e e x p a n s i o n e f f e c t a s e x p e c t e d , b u t t h e o v e r a l l 

r e s u l t c o m p a r e s p o o r l y w i t h e x p e r i m e n t , a s s h o w n i n T a b l e I . A . 2 0 . 

T h e t e c h n i q u e u s e d t o d e t e r m i n e t h e e x p a n s i o n c o r r e c t i o n 
i s d e s c r i b e d b y T i l l , * a n d i s b a s e d o n a c o l l i s i o n - p r o b a b i l i t y a n a l y s i s . 
T w o a p p r o a c h e s w e r e u s e d , o n e u s i n g f l a t - s o u r c e c o l l i s i o n p r o b a b i l i t i e s 
m a c y l i n d e r , a n d t h e o t h e r e m p l o y i n g t h e r a t i o n a l a p p r o x i m a t i o n . T h e 
r e s u l t s f o r b o t h c a s e s a r e i n c l u d e d i n T a b l e I . A . 2 0 . 

23, P o s s i b l e s o u r c e s of e r r o r a r e t h e k n o w n d i s c r e p a n c i e s i n 
P u c r o s s s e c t i o n s i n E N D F / B - 6 8 , u n c e r t a i n t y i n t h e e x p a n s i o n c o e f f i c i e n t 

f o r s i n t e r e d p e l l e t s of 70% t h e o r e t i c a l d e n s i t y P u O j . a n d t h e s o m e w h a t 
a p p r o x i m a t e m e t h o d s of c a l c u l a t i n g t h e e x p a n s i o n e f f e c t . 

. E- Till, "Fissile Doppler Effect Measurement and the Effects of Thermal Expansion," Reactor Physics 
Division Annual Report, July 1. 1966 to June 30, 1967. ANL-7310, pp. 143-151 (Jan 1968T 



TABLE I.A.17. Assembly 62, Second Step, Axial 2 " ^ a,nd "^U 
Counter Traverses Adjacent to Simulated Boron Rod in P-l6. 

Simulated rod inserted to reactor interface. 

Position (in.) 

24.56 
23.56 
22.56 
21.56 
-20.56 
-19.56 
-18.56 
-17.56 
-16.56 
-15.56 
-14.56 
-13.56 
-12.56 
-11.56 
-10.56 
- 9.56 
- 8.56 
- 7.56 
- 6.56 
- 5.56 
- 4.56 
- 3.56 
- 2.56 
- 1.56 
- 0.53 
0 

+ 0.50 
+ 1.50 
+ 2.50 
+ 3.50 
+ 4.50 
+ 5.50 
+ 6.50 
+ 7.50 
+ 8.50 
+ 9.50 
+10.50 
+11.50 
+12.50 
+13.50 
+14.50 
+15.50 
+16.50 
+17.50 
+18.50 
+20.50 
+24.50 
+28.50 
+22.50 
+26.50 
+30.50 

U-235 
"Rel. &5Uht En 

.5632 

--
.6915 
.7368 
.7851 
.8128 
.8367 
.8640 
.8795 
.8993 
.9265 
.9493 
.9678 
.9819 
.9687 
.9616 
.9574 
.9310 
.9159 
.9040 
.9228 
.9589 
.9803 
.9994 
.9907 

I.0000 
1.0003 
.9846 
.9626 
.9211 
.8815 
.8374 
.8444 
.8772 
.8900 
.9072 
.9191 
.9441 
.9764 

1.0208 
1.0402 
1.0513 
1.0288 
1.0026 
.9468 
.S566 
.6074 
.3041 1 
.7429 
.4495 1 
.1501 1 

-or 

99 
--
93 
91 
90 
89 
88 
88 
87 
87 
86 
85 
85 
85 
85 
85 
85 
86 
86 
86 
8b 
85 
85 
84 
84 
--
84 
Si> 
85 
86 
87 
88 
88 
87 
87 
8b 
8b 
85 
85 
84 
83 
83 
84 
84 
8b 
88 
9/ 
24 
91 
oy 
65 

u-238 
Rel. Count 

.0084 

--
.0148 

--
.0290 

--
.0553 

--
.0751 

--
.1261 
.1536 
.1878 
.2293 
.2785 
.3497 
.4471 
.5877 
.7497 
.8524 
.9219 
.9698 
.9988 

1.0011 
1.0000 
1.0004 
.9815 
.9415 
.8850 
.8053 
.7065 
.5522 
.4087 
.3154 
.2436 
.1905 
.1542 
.1219 
.0963 
.0749 

--
.0453 

--
.0277 
.0165 
.0063 
.0025 

--
--
--

Error 

2.72 

--
2.05 

--
1.47 
--
1.08 

--
1.32 

--
1.04 
.96 
.88 
.81 

1.06 
.97 
.89 
.81 
.75 
.73 
.71 
.70 
.70 
.70 
--
.70 
.70 
.71 
.72 
.74 
.77 
.83 
.92 

1.01 
1.12 
.87 
.96 

1.06 
.83 
.94 
--

1.19 

--
1.51 
1.94 
3.13 
4.96 

--
--
--



TABLE I.A.18. Assembly 62, Second Step, Axial ^^B Counter 
Traverse Adjacent to Simulated Boron Rod in P-I6. 

Simulated rod inserted to reactor interface. 

Position (in.J 

-24.56 
-22.56 
-21.56 
-20.56 
-19.56 
-18.56 
-17.56 
-16.56 
-15.56 
-14.56 
-13.56 
-12.56 
-11.56 
-10.56 
- 9.56 
- 8.56 
- 7.56 
- 6.56 
- 5.56 
- 4.56 
- 3.56 
- 2.56 
- 1.56 
- 0.53 
0 

+ 0.50 
+ 1.50 
+ 2.50 
+ 3.50 
+ 4.50 
+ 5.50 
+ 6.50 
+ 7.50 
+ 8.50 
+ 9.50 
+10.50 
+11.50 
+12.50 
+13.50 
+14.50 
+15.50 
+16.50 
+17.50 
+18.50 
+20.50 
+24.50 
+28.50 
+19.50 
+22.50 
+26.50 

B-10 (. 

Rel. Count 

1.8896 
2.2159 
2.3733 
2.4626 
2.5053 
2.5288 
2.5505 
2.5301 
2.5322 
2.5228 
2.5107 
2.4786 
2.3918 
2.2748 
2.1682 
2.0371 
1.8818 
1.6896 
1.5415 
1.5254 
1.5260 
1.5482 
1.5778 
1.5881 
1.5700 
1.5615 
1.5472 
1.5028 
1.4838 
1.4598 
1.4656 
1.5770 
1.7455 
1.8973 
2.0618 
2.2169 
2.3723 
2.5813 
2.7574 
2.8010 
2.9602 
3.0469 
3.0517 
3.0122 
2.8224 
2.1667 
1.1982 
2.9646 
2.5349 
1.7037 

J + G J 

Error 

.95 

.93 

.92 

.91 

.91 

.91 

.91 

.91 

.91 

.91 

.91 

.91 

.92 

.92 

.93 

.94 

.95 

.97 

.99 

.99 

.99 

.99 

.99 

.98 

--
.99 
.99 
.99 

1.00 
1.00 
1.00 
.99 
.97 
.95 
.94 
.93 
.92 
.91 
.90 
.90 
.89 
.89 
.89 
.89 
.90 
.93 

1.04 
.89 
.91 
.97 

B-10 

Rel. Count 

.0178 

.0223 

.0274 

.0326 

.0396 

.0480 

.0632 

.0647 

.0886 

.1024 

.1160 

.1440 

.1574 

.1844 

.2211 

.2613 

.3215 

.3701 

.4261 

.4776 

.5158 

.5420 

.5681 

.5605 

.5700 

.5486 

.5469 

.5281 

.4981 

.4486 

.3883 

.3262 

.2722 

.2210 

.1952 

.1609 

.1318 

.1177 

.1000 

.0920 

.0797 

.0654 

.0547 

.0485 

.0375 

.0185 

.0089 

.0388 

.0283 

.0113 

Error 

5.85 
5.24 
4.74 

4.36 
3.97 
3.61 
3.17 
3.14 
2.71 
2.54 
2.40 
2.18 
2.10 
1.96 
1.82 
1.70 
1.57 
1.49 
1.41 
1.36 
1.32 
1.30 
1.28 
1.29 

--
1.30 
1.30 
1.31 
1.34 
1.39 
1.46 
1.56 
1.67 
1.82 
1.91 
2.08 
2.26 
2.38 
2.56 
2.66 
2.85 
3.12 
3.40 
3.60 
4.07 
5.74 
8.22 
4.01 
4.66 
7.33 

B-10 tN + 
Rel. Count 

1.8717 

2.2957 
2.3459 

2.4300 
2.4657 
2.4807 
2.4872 
2.4653 
2.4435 
2.4202 
2.3946 
2.3344 
2.2342 
2.0902 
1.9469 
1.7756 
1.5600 
1.3192 
1.1151 
1.0476 
1.0098 
1.0059 
1.0093 
1.0273 
1.0000 
1.0126 
1.0001 
.9744 
.9854 

1.0109 
1.0770 
1.2506 
1.4730 
1.6761 
1.8664 
2.0558 
2.2403 
2.4634 
2.6575 
2.7096 
2.8804 
2.9814 
2.9970 
2.9636 
2.7848 
2.1482 
1.1892 
2.9258 
2.5065 
1.6924 1 

G - G ) 
Error 

.95 

.92 

.92 

.92 

.91 

.91 

.91 

.91 

.91 

.92 

.92 

.92 

.93 

.94 

.95 

.96 

.99 
1.02 
1.06 
1.08 
1.09 
1.09 
1.09 
1.08 

--
1.09 
1.09 
1.10 
1.09 
1.09 
1.07 
1.03 
1.00 
.97 
.96 
.94 
.93 
.91 
.90 
.90 
.89 
.89 
.89 
.89 
.90 
.93 

1.05 
.89 
.91 
.97 



TABLE I.A.19. Assembly 62, Second Step, Simulated Boron-rod Study 

Step 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Matrix 
Location 

P-12 

P-12 

P-12 

P-12 

P-16 

P-16 

P-16 

P-16 

P-16 

P-16 

P-16 

Loading 

Normal Fuel Composition 

Boron Rod Full Up 

Boron Rod at Interface 

Boron Rod at Interface*̂  
(reactor retumed to 
critical) 

Normal Fuel Composition 

Boron Rod Full Up 

Normal Fuel Composition 

Boron Rod In Core 2" 

Boron Rod at Interface 

Boron Rod at Interface*̂  
(reactor retumed to 
critical) 

Boron Rod Fully Inserted 

1 k of the Assembly 

Inverse Kinetics 

+ .137'' + .002 

+.074^ + .001 

-.388 ± .020 

+.135 + .002 

+.140* + .002 

+.047 + .001 

+.138 + .002 

-.343 i .014 

-.793 ± .025 

+.076* ± .001 

-.196 + .003 

Inverse Count Rate 

-

--

-.400 ± .014 

--

--

-

--

-.358 + .014 

-.783 ± .035 

--

-.194 ± .002 

A % k a 
ex 

Reference Steps 2 
and 3 

-.063 ±.003 

-.525 i.020 

--

Reference Step 6 

-.093 +.003 

Reference steps 8 
and 9 

-.481 ± .014 

-.931 ± .025 

Reference Step 11 

-.272 ± .003 

^From inverse kinetics data, relative to reference as noted. 

Reactor critical. k determined by control rod position at critical. 

"^Reactor retumed to critical by adding half drawers at 152-L-12, 152-T-12 152-J-14 1S2-V-14 182-J-18 
3JK1 IQZ-V~ 18 . 

•^Reactor retumed to critical by adding half drawers at 152-L-12, 1^2-1-12, 1S2-J-15 6 17, 152-V-15 6 17 
152-J-14 § 18 and 152-V-14 § 18. . ^ , -i «. , 



AT. °K 

TABLE I.A.20. Connparison of Experimental and Calculational Results 
for the Pu02 Doppler Experinnent in ZPR-3 Assembly 53 

Ap, Ih/kg of "^Pu 

Experiment Calc. (No. Expansion) Calc. {Cyl. Exp) - Calc. (Rat. Approx)^ 

300-500 

300-800 

300-1100 

Total 
sample at 
300°K 

-2.47 + 0.05 

-6.03 ± 0.05 

-8.52 ± 0.05 

+661.8 ± 1.7 

+ 1.30 

+2.76 

+3.54 

998.1 

-6.82 

- 1 7 . 5 5 

- 2 9 . 1 1 

- 5 . 0 4 

- 1 3 . 0 8 

- 2 1 . 9 3 

^Expansion calculation based on the rational approximation. 

(iv) Measurement of Shielding and Neutron Streaming 
(G. G. Simons) 

Last Reported: ANL-7688, p. 27 (April-May 1970). 

Auxiliary support data were obtained for the thermolumi
nescent dosimeter (TLD) studies performed in ZPR-3 Assemblies 60, 61, 
and 62. (See April-May 1970 Progress Report, ANL-7688, pp. 35-42, and 
Sect. I.A.4.a(ii)(b)(l) on p. 23 of this report .) Measurements in Assembly 62 
included determination of the gamma-ray exposure in the TLD rods before 
and after the designated reactor-induced exposure and the TLD response 
variance as a function of encasement mater ia l and sleeve thickness. 

A mock run was made to measure the fraction of the total 
TLD exposure from residual gamma rays from the time of insertion into 
the reactor matrix until startup. This consisted of loading the TLD rods 
throughout the reactor, driving the halves together, and then separating 
the halves. This exposure was found to be less than 0.075%, the total 
exposure during a typical 100-W-hr run. 

The second auxiliary experiment involved measuring the 
TLD exposure from the instant of reactor shutdown until the TLD rods 
were removed from the reactor. This involved installing the ZPR-3 radial 
traverse tube which extended from the reactor control room into the 
reactor cell and through the ZPR-3 matrix. Following insertion of refer
ence TLD rods in 1-Q-16, ZPR-3 was run at 100 W for 1 hr; then a special 
stainless steel tube loaded with both TLD-700 and TLD-100 rods was 
rapidly inserted radially into the reactor; then the reactor was shut down 
normally. Ten minutes after shutdown, the TLD rods were extracted The 
maximum exposure was less than 1%, the exposure received at the same 
matrix positions during a previous 100-W-hr run in this assembly. 

, ,, .^, „ '^^^ effect of TLD rod encasement was studied by exposing 
both TLD-700 and TLD-100 rods to an equivalent in-core gamma-ray flux 
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while inside different thicknesses of steel, aluminum, and Teflon sleeves. 
(This exposure was made during the 100-W-hr run discussed above.) The 
encased TLD rods received a nominal 3000 rads in core positions l -O-15, 
1-0-17, l -Q-15, and l-Q-17. A 0,035-in. sleeve was used in both 1-0-17 
and l -O-15 to monitor the relative gamma-ray dose between the two posi
tions. The doses at these two positions were the same at equivalent drawer 
locations. All the doses were then normalized to the doses in the 0.035-in. 
sleeves (see Table I.A.21). The normalized TLD-700 doses for the five dif
ferent stainless steel sleeves are shown in Fig. I.A.17 along with the core 
mater ia ls present in the reactor drawer. 
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Fig. I.A.17. Gamma-ray Dose Variation as a Function of Encase
ment Material Measured in the ZPR-3 Assembly 62 
Core. ANL Neg. No. ID-103-A11503. 
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TABLE I.A.21. TLD-100 and TLD-700 Readout Variations as a Function of Encasement 
Materials Following a 100 W-hr Exposure in ZPR-3 Assembly 62 

Sleeve 
Wall 
Thickness 
rin.1 

.020 

.035 

.035 

.066 

.0975 

.129 

.160 

.223 

Position 
Across 
Drawer 

1 
3 
5 
7 

1 
3 
5 
7 

1 
3 
5 
7 

1 
3 
5 
7 

1 
3 
5 
7 

1 
3 
5 
7 

1 
3 
5 
7 

1 
3 
5 
7 

^ 

Ratio of Dose: 
TLD . 

Reference TLU° 

7.n-ino 

Sleeve Materials 

Stainless Aluminum Teflon 

'̂ .̂974 
.939 

1.005 
.911 

1.00 
1.00 
1.00 
1.00 

*1.00 
1.00 
1.00 
1.00 

* .972 
.960 
.954 
.877 

.978 

.904 

.896 

.887 

1.103 
.909 
.908 
.958 

.995 

.995 
1.023 
1.034 

.962 

.911 

.949 
1.017 

.977 

.868 

.930 

.991 

.927 

.936 
1.041 
.786 

1.085 
.870 
.935 
1.075 

* .937 
.894 
.992 
.890 

Position 
Across 
Drawer 

2 
4 
6 
8 

2 
4 
6 
8 

2 
4 
6 
8 

2 
4 
6 
8 

2 
4 
6 
8 

2 
4 
6 
8 

2 
4 
6 
8 

2 
4 
6 
8 

TIJ)-700 

Sleeve Materials 

Stainless Aluminum Teflon 

* .998 
.945 

1.037 
1.051 

1.00 
1.00 
1.00 
1.00 

*1.00 
1.00 
1.00 
1.00 

' .933 
.960 
.963 

1.013 

.907 

.898 

.906 

.933 

.928 

.964 

.983 

.922 

1.104 
1.011 
.972 

1.051 

.949 

.961 
1.003 
.940 

.964 

.885 

.962 

.909 

* .877 
.881 
.917 
.949 

B 
1.003 
.889 
.976 
.959 

* .924 
.884 
.973 
.971 

7nn'"^ini^ " " ^ ^"^ inser ted in to each sleeve s t a r t i n g with TLD 700 rod and alternating 
/uu, 100, e t c . These rod posi t ions across the core c e l l s were labeled 8, 7, 6, - - - , 1. 

' Reference TLD refers to the TLD encased in 0.035-in. s t a i n l e s s s t e e l . 

• Matrix Drawer Locations 

• 1-0-15 
e l-Q-15 
+ 1-0-17 
# l-Q-17 
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B. Component Development 

1. Instrumentation and Control 

a. Instrumentation Development for Instrumented Subassembly 
(T. P . Mulcahey)(l89a 02-024) 

Instruments for in-core measurement of flow, fuel and coolant 
t empera tures , and fuel-pin pressure are being developed consistent with 
requirements defined by the EBR-II Instrumented Subassembly test p ro
gram. Development encompasses instrument design, performance analysis , 
fabrication, and tests leading to specifications and qual i ty-assurance pro
cedures for procurement from commercial vendors. 

(i) Instrumented Subassembly (ISA) Flowmeters (G. A. Fors te r ) 

Calibrations of one commercially procured Mark III flo'w
mete r in the Sodium Flowmeter Calibration Facility are in progress and 
should be completed by the end of November. 

b. F F T F Instrumentation Development (R. A. Jaross)(189a 02-025) 

Prototypes of permanent-magnet and eddy-current probe-type 
flowsensors are being designed, fabricated, and flowtested to establish de
tailed specifications and design for the FFTF permanent-magnet probe-type 
flowsensor, and to provide technical guidance to ensure competence in com
merc ia l fabrication of probe-type flowsensors. Supporting tests a re con
ducted to determine radiation and long-terrp thermal effects on permanent-
magnet mater ia ls of interest , and to study the effects of simulated fission-gas 
re lease on flowsensor response. 

Flowtests and certain supporting tests are conducted in existing 
facilities (CCTL or CAMEL); new specialized facilities are designed and 
constructed, as required. 

(i) In-core Flowsensors (T. P . Mulcahey) 

(a) Permanent Magnet Probe-type Flowsensors (F. Verber) 

Last Reported: ANL-7742, pp. 23-25 (Sept 1970). 

As of October 19, 1970, the Type A-4i Flowsensor 
(No. 1) has accumulated 2590 hr of testing in the CCTL in sodium at 1100°F 
and 16.4 f t / sec . During this t ime, the flowsensor output signal has decreased 
from the original value of 10.5 to 9.2 mV. The test will be continued for two 
weeks to determine a leveling-off point of the signal output. Meanwhile, the 
demagnetizing effect of CCTL electrical heaters located near the flowsensor 
is being investigated as a possible cause for the decrease in signal output. 



As men t ioned in A N L - 7 7 4 2 , a s a m p l e of the m a g n e t i c 
p a r t i c l e s found on F l o w s e n s o r A - 4 was f o r w a r d e d to an independen t l a b o 
ra to ry for c h e m i c a l a n a l y s i s . The r e s u l t s of th i s a n a l y s i s a r e l i s t e d be low. 

Qualitative Analysis 

Base Fe 
Major constituents Cr, Ni, Na 
Minor constituents Mo, Mn. W 
Traces Si, Al, Cu. Ca 

Quantitative Analysis 

Fe 75.91% 
Mn 0.29% 
Ni 4.38% 
Cr 1.79% 
Na 1.06% 

Notes: 

1. Due to the snriall amount of sample available 
(0.0137 g), quantitative analysis for Sonne of 
the minor and trace elen:ients was not 
possible. 

2. It may be assumed that some elements were 
present as oxides, based on total percent
ages of metallic s found. 

The quan t i t a t ive a n a l y s i s a c c o u n t s for 83.43% of the 
0.0137-g s ample furn ished . We w e r e a d v i s e d tha t a s a m p l e "weighing at 
l e a s t 0.2 g and with - 5 % oxides p r e s e n t would be r e q u i r e d to p e r m i t i d e n 
tification of the oxides and t h e i r a m o u n t s . It is a p p a r e n t t ha t the high p e r 
centages of i ron and n icke l p r e s e n t as f ree e l e m e n t s o r o x i d e s , o r both, 
account for the f e r r o m a g n e t i c p r o p e r t i e s of the p a r t i c l e s . 

Dur ing the F F T F I n s t r u m e n t a t i o n R e v i e w M e e t i n g in 
Richland, Washington, on S e p t e m b e r 2 -4 , 1970, ANL was r e q u e s t e d to i n 
ves t iga te the feasibi l i ty of an e l e c t r o m a g n e t , p r o b e - t y p e f l o w s e n s o r . 

P r e l i m i n a r y c a l c u l a t i o n s for an e l e c t r o m a g n e t tha t 
would approx imate the magne t i c field p r o d u c e d by the p e r m a n e n t m a g n e t of 
an A-44 f lowsensor ind ica te that a p p r o x i m a t e l y 1000 a m p e r e - t u r n s would be 
requ i red and that the coil I^R l o s s e s would be p r o h i b i t i v e . 

A mode l e l e c t r o m a g n e t , which wi l l be s o m e w h a t b e t t e r 
than an a i r - c o r e magne t , is unde r c o n s t r u c t i o n . It wi l l be t e s t e d to d e t e r 
mine whether the coil I^R l o s s e s can be r e d u c e d to an a c c e p t a b l e va lue and 
s t i l l mee t the m i n i m u m sens i t i v i ty r e q u i r e m e n t (2.2 mV at 220 gpm) of the 
f lowsensor . 

(b) E d d y - c u r r e n t P r o b e - ' t y p e F l o w s e n s o r s (J . B r e w e r ) 

L a s t Repor ted : A N L - 7 7 4 2 , pp. 2 5 - 2 8 (Sept 1970). 
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A test was performed in the oscillating rig to determine 
the suitability of eddy-current probes for use in a dry thimble, as has been 
suggested for the F F T F . The test assembly consisted of a coil and bobbin 
(2X-4) with a l- in.-OD, Type 304 stainless steel sheath, all enclosed in a 
Type 304 "thimble" (1.25 in. OD, 1.125 in. ID, 0.0625-in. wall thickness). 

This assembly was oscillated laterally inside an alu
minum sleeve (l .25-in. ID x 2-in. OD) that simulates flowing sodium. The 
resul ts indicated almost 50% loss in probe sensitivity as compared to tests 
without the "thimble." 

Eddy-current Probe No. 11 is being assembled for test 
in the CCTL. In preliminary tests in the oscillating rig, it exhibited the 
same sensitivity as Probe No. 10; however, the unbalance signal was approx
imately four times that of Probe No. 10. This is probably due to the uneven 
coating of alumina on the bobbin. Probe No. 11 will be ready for installation 
in the CCTL in about two weeks. 

• (c) Magnetometer Probe-type Flowsensors (D. Wiegand) 

Following guidance generated at the F F T F Instrumen
tation Review Meeting at Richland, Washington, a feasibility study of a 
magnetometer- type flowsensor was initiated. Experimental work is pending 
fabrication of the flux-gate coils; however, theoretical work was done to 
show that the device can use either permanent magnets or electromagnets, 

A computer program ( M A G M O M ) was written to calcu
late the magnetic moment of magnetic-spo^il-type electromagnets of any 
proportions operating under selected conditions. 

Initial calculations were made for a conceptual design 
that uses two Alnico V magnets of 0.250-in. diameter and 1.125-in. length. 
These proportions are near those providing maximum external energy for 
full-strength Alnico V. A magnetic moment of 775 cgs units was estimated 
for the full-strength condition, and 155 cgs units for the tempera ture -
stabilized condition. 

The results showed that duplication of the full-strength 
value in electromagnets having the same overall size as the Alnico V mag
nets would require a prohibitive amount of excitation power. However, p ro
vision of the 155-unit stabilized value would require only 5 W at 1200°F. 

c. Neutron-detector Channel Development (T . P . Mulcahey and 
G. F. Popper) (189a 02-138) 

(i) Out-of-Core Detectors, Cables, and Circuits (A. Hirsch) 

Last Reported: ANL-7737, pp. 44-46 (Aug 1970). 



One of the two neutron detectors that were rebuilt by 
Reuter-Stokes (RSN-286) was shipped with readout instrumentation to EBR-II 
on October 16, 1970, The test assembly will be installed in the EBR-II be
fore the next startup. 

An apparent repair has been made to the second detector 
(RSN-286) by discharging a capacitor through the detector assembly while it 
was at 600°C. Temperature testing has been resumed. 

d. Plant Dynamics and Control Analysis (W. C. Lipinski) 
(189a 02-528) 

(i) Simplified Complete-plant Model 

Last Reported: ANL-7742, p. 29 (Sept 1970). 

In compliance with a work-plan milestone commitment, 
representatives from ANL and AEC-RDT met to discuss the simplified 
analytical model developed by ANL for the LMFBR complete-plant dynamics 
and control analysis. It was agreed that the model is acceptable as a basis 
for the next phase of the study, which will concentrate pr imari ly on the 
characteristics of control of small perturbations about a fixed operating 
power level. 

(ii) Simulation of Simplified Plant Model on Hybrid Computer 

Not previously reported. 

Included in the simplified plant model a re pure time delays 
for the coolant temperatures introduced by t ransport lags through the piping 
connecting the major plant components. These time delays are to be simu
lated digitally on the hybrid computer; necessary programs are being 
written. For constant flow velocities, the variables a re sampled and stored 
in the computer and become output after a fixed number of time delays. 
However, for the variable flow velocities to be used in the simulation, the 
time delay becomes a variable, dependent on the flow velocity history. The 
procedure being used to simulate variable time delay is to sample both tem
perature and flow velocity and store values for temperature variables that 
are averaged over fixed mass increments flowing in the piping. This is 
opposed to averaging over fixed time increments , as in the procedure for 
fixed flow velocity. The temperature stored in the computer becomes output 
after an additional number of mass increments , fixed at a constant value by 
the total pipe volume, have been sampled. 

Signal flow diagrams for the analog simulation of the steam 
generator are also being completed. 



43 

2. F u e l Handl ing , V e s s e l s , and I n t e r n a l s 

a. C o r e Componen t T e s t Loop (CCTL) (R. A. J a r o s s ) ( I89a 02-026) 

The C C T L is o p e r a t e d , m a i n t a i n e d , and modi f ied to f ac i l i t a t e 
l o n g - t e r m t e s t s of p ro to type F F T F fuel a s s e m b l i e s and i n - c o r e i n s t r u m e n 
ta t ion in s o d i u m u n d e r condi t ions e s t a b l i s h e d by the F F T F and L M F B R 
P r o g r a m s . T e c h n o l o g i e s p e r t i n e n t to s o d i u m - l o o p o p e r a t i o n - - e . g . , s u r 
v e i l l a n c e of s o d i u m and c o v e r - g a s qual i ty , and m a t e r i a l c o m p a t i b i l i t y , in 
c luding the Type 304 loop s t r u c t u r e - - a r e deve loped and i m p r o v e d 
c o n c u r r e n t l y . 

(i) O p e r a t i o n of Loop to T e s t Second F F T F S u b a s s e m b l y 
( F . A. Smith) 

L a s t Repo r t ed : A N L - 7 7 4 2 , pp, 48-49 (Sept 1970). 

As of O c t o b e r 23, 1970, the C C T L has c o m p l e t e d a to ta l of 
2893 h r of f lowtes t ing a t 1100°F and -525 gpm. On O c t o b e r 9, the m a i n s o 
d ium p u m p was a r b i t r a r i l y shut down for a s h o r t p e r i o d to i n v e s t i g a t e an 
e x t r a n e o u s bui lding n o i s e . The no i s e was t r a c e d to v i b r a t i o n of a l oose 
mount ing bol t on a bui lding v e n t i l a t o r fan l oca t ed 40 ft above the pump . F u l l -
flow condi t ions w e r e r e e s t a b l i s h e d in l e s s than 5 min f rom the t i m e of p u m p 
shutdown. 

On S e p t e m b e r 29, 1970, the C C T L s o d i u m s a m p l e tube in 
d i c a t e d a s m a l l l e ak in the r eg ion of a butt weld at one end of the t u b e . T h e 
tube was i s o l a t e d and r e p l a c e d wi thout r educ ing loop o p e r a t i n g cond i t ions , 
inc luding cold t r a p p i n g . De ta i l s of this inc ident a r e d e s c r i b e d in Inc iden t 
R e p o r t C C T L No. 3 / E T D - I R - 2 da ted O c t o b e r 12, 1970. 

In s u m m a r y , the C C T L has a c c u m u l a t e d 725 h r of f l owte s t 
ing d u r i n g the r e p o r t i n g p e r i o d . The to ta l downt ime of about 0.07 h r r e s u l t s 
in an o p e r a t i n g fac tor of 99.99+% at 1100°F, 525 gpm, and a p r e s s u r e of 
54 ps ig a t the fuel a s s e m b l y in le t . 

A sod ium s a m p l e r e m o v e d for a n a l y s i s on Oc tobe r 1, 1970, 
y ie lded an oxygen conten t of 6 p p m and a c a r b o n conten t of 0.6 p p m . The 
plugging m e t e r va lve h a s been o p e r a t e d in the " c l o s e d " p o s i t i o n with a 
p lugging va lve t e m p e r a t u r e r a n g e of 250-270°F with no d e c r e a s e of flow, 
ind ica t ing a p lugging t e m p e r a t u r e (for a l l i m p u r i t i e s ) of l e s s than 250°F. 

T h e r e h a s b e e n no devia t ion, drift , o r a n o m a l y in the fuel 
a s s e m b l y p r e s s u r e o r flow r e a d i n g s . The cons tan t r e c o r d of flow v a r i a b l e s 
a t t e s t that the m e c h a n i c a l i n t e g r i t y of the F F T F fuel a s s e m b l y h a s b e e n 
m a i n t a i n e d . 



C. E x p e r i m e n t a l B r e e d e r R e a c t o r No. I I - -
R e s e a r c h and D e v e l o p m e n t 

1. E q u i p m e n t - - F u e l R e l a t e d (E. Hu t t e r ) ( l 8 9 a 02-045) 

a. Handl ing S u b a s s e m b l i e s Conta in ing F a i l e d F u e l 

(i) F a i l e d - f u e l T r a n s f e r S y s t e m (O. S. Se im, C. J . Divona , 
and R. Batch) 

L a s t R e p o r t e d : A N L - 7 6 7 9 , pp . 34-36 (Mar 1970). 

The fa i led- fue l t r a n s f e r s y s t e m ( F F T S ) w a s deve loped to 
p rov ide a m e a n s of handl ing s u b a s s e m b l i e s con ta in ing fuel f a i l u r e s too 
s e v e r e for safe r e m o v a l wi th the s t a n d a r d fue l -hand l ing p r o c e d u r e s . The 
bas ic r e q u i r e m e n t s of the s y s t e m a r e tha t i t : (1) r e t r i e v e a f a i l ed - fue l 
s u b a s s e m b l y f rom the t r a n s f e r a r m ; (2) s t o r e the s u b a s s e m b l y in the 
p r i m a r y tank dur ing i t s cool ing p e r i o d ; (3) r e m o v e the s u b a s s e m b l y f r o m 
the p r i m a r y tank; and (4) t r a n s f e r the s u b a s s e m b l y f r o m the r e a c t o r bui ld ing 
to the a rgon cell of the F u e l s and E x a m i n a t i o n F a c i l i t y ( F E F ) . 

The F F T S c o n s i s t s of t h r e e s e p a r a t e a s s e m b l i e s : the 
"X"-nozz le a s s e m b l y , which s e a l s and a l i gns the d i p p e r ; the d i p p e r a s s e m 
bly, which extends t h rough the "X'' nozz l e into the p r i m a r y t ank to r e t r i e v e 
and s to re a fa i led-fuel s u b a s s e m b l y ; and the a s s e m b l y of a s e a l e d con
t a ine r and a r ad i a t i on sh ie ld , into which the d i p p e r and s u b a s s e m b l y a r e 
r a i s e d af ter being r e m o v e d f r o m the p r i m a r y tank. 

The " X " - n o z z l e a s s e m b l y ( see F i g , L C . l ) c o n s i s t s of a 
shield plug, ex tens ion tube , gate va lve , and pack ing gland. T h e sh ie ld p lug 
is i n s e r t e d into the "X" nozz l e and ex tends downward into the p r i m a r y - t a n k 
sodium. The plug p r o v i d e s a 52 - in . opening for the d i p p e r and hand l ing 
extens ion. Since the shie ld p lug ex t ends below the l eve l of the p r i m a r y - t a n k 
sodium, the d ipper opening r e m a i n s i s o l a t e d f r o m the p r i m a r y - t a n k b lanke t 
gas . The shield plug h a s p r o v i s i o n s for a l ign ing the d i p p e r wi th the t r a n s f e r 
a r m . An adjus table r ing sea l p r e v e n t s l e a k a g e of b l anke t gas be tween the 
shield plug and the "X" n o z z l e . 

The ex tens ion tube , gate va lve (6 in . ) , and p a c k i n g gland a r e 
fastened to the top of the shield p lug . The ex t ens ion tube i s long enough to 
p r even t the s u r f a c e s of the d ippe r a s s e m b l y , wh ich a r e e x p o s e d to s o d i u m 
in the r e t r i e v a l pos i t ion , f rom leav ing the i n e r t a t m o s p h e r e of the p lug 
when the d ipper is b rought to the s t o r a g e p o s i t i o n . The ga te va lve s e a l s 
the plug when the d ippe r i s r e m o v e d . Spli t , a n n u l a r l e ad s h i e l d s a round 
the extension tube p rov ide r a d i a t i o n p r o t e c t i o n . 

The d ippe r (see F i g . L C . l ) i s a c l o s e d - b o t t o m tube 4j in. 
in d i a m e t e r and s l ight ly s h o r t e r than a fuel s u b a s s e m b l y . To enhance 



(a) 
RETRIEVAL POSITION 

(c) 
STORAGE POSITION I I 

(b) 
STORAGE POSITION I 

Fig. I.C.I. Failed-fuel Transfer System, Showing Dipper 
Positions. ANL Neg. No. 104-174. 
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- BUILDING CRANE 

- DYNAMOMETER 

HANDLING EXTENSION 

r a d i a n t hea t t r a n s f e r d u r i n g hand l ing 
o p e r a t i o n s , the o u t e r s u r f a c e of the 
d i p p e r i s b l a c k - c h r o m e p l a t e d . T h e 
p l a t ing is c o m p a t i b l e wi th s o d i u m at 
the t e m p e r a t u r e s u n d e r c o n s i d e r a t i o n . 

PULLING P IPE^ 

-PACKING GLAND 

The d ippe r is a t t a c h e d to a 
t w o - p i e c e hand l ing e x t e n s i o n by a 
bayonet coupl ing . T h e e x t e n s i o n 
a l lows pos i t i on ing of the d i p p e r in 
the p r i m a r y t ank f r o m the r e a c t o r 
o p e r a t i n g f loor . A lock ing pawl in 
the ex t ens ion e n g a g e s a cutout at 
the top of the d i p p e r to p r e v e n t p r e 
m a t u r e uncoupl ing of the d i p p e r . 
The coupl ing jo in t i s d e s i g n e d to 
a l low sod ium to d r a i n f r o m it. 

- UNCOUPLING CAMS 

- S E A L E D CONTAINER 

ATION SHIELD 

ADAPTER AND SEAL 

The a s s e m b l y of the s e a l e d 
con ta ine r and the r a d i a t i o n sh ie ld 
(F ig . I .C.2) is u s e d only when the 
fa i led- fue l s u b a s s e m b l y is to be r e 
moved f r o m the p r i m a r y t ank and 
t r a n s f e r r e d to the F E F . At tha t 
t i m e , the pack ing gland is r e m o v e d 
f r o m the ex t ens ion tube , and the 
r a d i a t i o n - s h i e l d s u p p o r t s t r u c t u r e , 
s ea l ed c o n t a i n e r , r a d i a t i o n sh ie ld , 
and p u U i n g - p i p e r a d i a t i o n g u a r d 
a r e i n s t a l l e d . 

UPPORT STRUCTURE 

OPERATING FLOOR_ 

PRIMARY-TANK 
COVER ~ 

The s e a l e d c o n t a i n e r i s a g a s -
t ight t u b u l a r c o m p o n e n t about 9 ft 
long and 5^ in. in ID. It i s s e a l e d 
by a ga te va lve at the top and a p lug 
va lve at the b o t t o m . T h e c o n t a i n e r 
is c e n t e r e d in the r a d i a t i o n sh ie ld 
and can be r e a d i l y r e m o v e d f r o m or 
i n s e r t e d into the sh i e ld . Long i tud ina l 
fins on the ou te r s u r f a c e of the s ea l ed 
c o n t a i n e r i n c r e a s e the a r e a exposed 

SODIUM LEVEL 

Fig. I.C.2 
Failed-fuel Transfer System, Showing Place
ment of Sealed Container and Radiation 
Shield. ANL Neg. No. 104-173. 
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for hea t r e m o v a l . C a m s for un lock ing and uncoupl ing the d ippe r f r o m the 
handl ing ex t ens ion a r e ins ide the top of the s ea l ed c o n t a i n e r . 

The r a d i a t i o n sh ie ld , which we ighs about 15 t o n s , i s a 
1 2 - i n . - I D tube s u r r o u n d e d by 9 in. of lead and an ou te r s t ee l j a c k e t . It i s 
c o m p a t i b l e wi th ex i s t ing c a r t s and handl ing p r o c e d u r e s . 

The pu l l i ng -p ipe r a d i a t i o n guard is f as tened to the r a d i a 
t ion sh ie ld above the ga te va lve . A pack ing gland at the top of the p ipe 
s e a l s the s y s t e m ; the gua rd p r o t e c t s p e r s o n n e l f r o m p o s s i b l e r a d i a t i o n 
s t r e a m i n g above the sh ie ld . The pul l ing p ipe ho lds the handl ing ex t ens ion 
a f t e r it h a s been uncoupled f rom the d i p p e r , and p r e v e n t s any s u r f a c e s 
p r e v i o u s l y exposed to sod ium f rom leav ing the i n e r t a t m o s p h e r e b e n e a t h 
the pack ing gland. 

The r a d i a t i o n shie ld is suppor t ed by a r e c t a n g u l a r s t r u c 
t u r e f a s t ened to the top suppor t s t r u c t u r e of the p r i m a r y tank . The s t r u c 
t u r e i s jo in ted for e a s y a s s e m b l y or d i s a s s e m b l y and r e m o v a l . 

When the s y s t e m is i n s t a l l ed , the " X " - n o z z l e sh ie ld p lug 
is f i r s t i n s t a l l e d in the n o z z l e . Next , the ex tens ion tube with the ga te va lve 
a t t a c h e d is bol ted to the shie ld p lug. F i n a l l y , the d ippe r and the hand l i ng -
ex t ens ion a s s e m b l y , with the pack ing gland in pos i t ion , a r e l o w e r e d t h r o u g h 
the ga te va lve into the p r i m a r y tank . Owing to bowing of the p r i m a r y - t a n k 
c o v e r , the "X" nozz le m u s t be t i l t ed f r o m the v e r t i c a l and the shie ld p lug 
ad jus t ed to a l ign the d ippe r v e r t i c a l l y . The plug is ad jus ted wi th the aid of 
the t r a n s f e r a r m and a d u m m y s u b a s s e m b l y . The d i p p e r - a l i g n m e n t t e s t s 
inc lude d i s e n g a g e m e n t and r e e n g a g e m e n t of the t r a n s f e r a r m and r e m o v a l 
of the s u b a s s e m b l y f rom the d i p p e r by the t r a n s f e r a r m . When the d e s i r e d 
a l i g n m e n t i s a t t a ined , the sh ie ld plug is locked in p l a c e , and r e f e r e n c e l e v e l s 
on the plug a r e z e r o e d . The l e v e l s ind ica te fu ture m i s a l i g n m e n t s tha t m a y 
o c c u r . 

The angu la r o r i e n t a t i o n of the d ippe r i s a l so r e f e r e n c e d , and 
the d i p p e r sea t ing r ing i s locked in p l a c e . The d ippe r i s then r a i s e d to s t o r 
age p o s i t i o n II (c in F i g . I . C . l ) to r e s t on the sea t ing r ing unt i l needed . The 
u p p e r handl ing ex t ens ion is r e m o v e d for c l e a r a n c e on the o p e r a t i n g f loor . 

When a fuel f a i l u r e too s e v e r e for s t a n d a r d handl ing o c c u r s , 
the s u b a s s e m b l y conta in ing the f a i l u r e is r e m o v e d f rom the c o r e by the 
t r a n s f e r a r m and r o t a t e d into the r eg ion of the f u e l - t r a n s f e r p o r t . Af ter 
the u p p e r handl ing ex t ens ion is a t t a ched , the d ippe r is l o w e r e d into the 
r e t r i e v a l p o s i t i o n by a c r a n e . In a l l handl ing o p e r a t i o n s , the d ippe r and 
i t s e x t e n s i o n s r e m a i n in the r e f e r e n c e d a n g u l a r o r i e n t a t i o n in i t i a l ly d e 
t e r m i n e d in the a l i g n m e n t p r o c e d u r e s . 

In the r e t r i e v a l pos i t ion (a in F i g . I . C . l ) , the d i p p e r opening 
is 1.765 in. be low the l owes t point of the s u b a s s e m b l y hanging f r o m the 



transfer arm. The transfer a rm is rotated until the subassembly is over 
the mouth of the dipper. The dipper is then raised until it contains the 
subassembly. If a "wiggle" test a ssures that the subassembly is within the 
dipper, the transfer arm is disengaged and rotated away. 

The dipper and subassembly can then be raised and held 
at the selected elevation in the pr imary tank. In storage position I (b in 
Fig. I.C.l), the mouth of the dipper is about 2 in. above the level of sodium 
in the pr imary tank. In this position, most of the dipper is submerged in 
the primary-tank sodium, but the dipper sodium is isolated from the 
primary-tank sodium and blanket gas. In storage position II (c inFig . I .C. l) , 
the lower 50 in. of the dipper is submerged in the pr imary- tank sodium, and 
there is a I T - i n . clearance between the bottom of the dipper and the top of 
a subassembly hanging on the transfer a rm. The dipper sodium is also 
isolated from the pr imary-tank environment in this position. With the 
dipper in this position, standard fuel-handling procedures can be followed 
without interference from the dipper. 

When the subassembly has cooled sufficiently for removal 
to the FEF, the radiation-shield support s t ructure is erected above the 
"X" nozzle. The "X" nozzle is then purged with fresh argon, and the nozzle 
packing gland is removed to allow the sealed container and radiation shield 
to be brought into place. The bottom of the sealed container slips into an 
adapter on the nozzle gate valve to form a gastight seal with the nozzle. 
The pulling-pipe radiation guard is then fastened to the radiation shield, 
and the building crane, with a dynamometer attached, is coupled to the 
handling extension, which protrudes from the pulling-pipe packing gland. 
The dipper is raised by the crane out of the p r imary tank, through the 
"X"-nozzle shield plug, and into the sealed container. The "X"-nozzle 
gate valve and the sealed-container plug valve a re closed before the 
dipper is uncoupled. 

Further lifting of the dipper uncouples it from the handling 
extension. The extension is withdrawn into the pulling pipe, leaving the 
dipper suspended from two protrusions in the container wall. When the 
container's top gate valve is closed, the handling extension, along with the 
pulling-pipe radiation guard, can be removed, and a shielding plate on the 
radiation shield is slid into position above the gate valve. 

The radiation shield with the subassembly inside can now 
be transferred to the basement beneath the air cell following the route 
normally taken by the interbuilding coffin. The dipper and its sodium are 
disposable, but the sealed container can be decontaminated and reused. 
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2. New Subassemblies and Experimental Support (E. Hutter) (189a 02-046) 

a. Experimental- irradiat ion Subassemblies 

(i) Design Character is t ics of the Mark-E19D and Mark E19E 
Irradiation Subassemblies (O. S. Seim and W. R. Ware) 

Not previously reported. 

The Mark-E19D and Mark-E19E irradiation subassemblies 
a re designed for experimental studies of oxide fuel elements. In common 
with other subassemblies of the Mark-E ser ies , both a re designed for i r r a 
diating unencapsulated fuel elements to burnups higher than those achieved 
safely in other types of subassemblies. (See P rogres s Report for Septem
ber 1970, ANL-7742, p. 35.) The Mark E19D accommodates 19 test elements 
that a re 60.9 in. long, 0.250 in. in diameter, and wrapped with a 0.062-in.-
dia spacer wire. The Mark E19E accommodates 19 test elements that a re 
40 in. long, 0,250 in. in diameter , and wrapped with 0.040-in.-dia spacer 
wire . 

Both subassemblies meet the basic requirements for all 
EBR-II irradiation subassemblies (see ANL-7742). They were also designed 
to: (1) accept the possibility of a rupture of the cladding of oxide test ele
ments; (2) prevent sizable pieces of debris from leaving the subassembly; 
(3) prevent failure propagation to adjacent subassemblies; (4) accommodate 
fuel elements swollen in previous irradiat ions; (5) acconnmodate additional 
i rradiat ion swelling of elements; and (6) provide protection to the outer 
hexagonal tube from an internal p r e s su re ]julse that may occur with failure 
of the cladding of an element. 

Both the Mark E19D and the Mark E19E have an upper and 
a lower collector. The upper collector, constructed of perforated sheet, 
prevents par t ic les larger than 0.045 in. in diameter from leaving the top 
of the subassembly. The lower collector, a cup form, collects any par t ic les 
that may settle to the bottom of the subassembly. The lower collector for 
the Mark E19D contains the base of the test elements. The unencapsulated 
test elements a re surrounded by an inner hexagonal liner (or tube) made in 
six radial sections so that it expands to accommodate oversize elements and 
irradiat ion swelling. A cylindrical tube with a 0.094-in. wall surrounds the 
hexagonal l iner. The liner and the tube protect the outer hexagonal tube 
from molten fuel and p re s su re pulses that may be caused by rupture of 
element cladding. 

The largest possible outside diameter (2.062 in.) of standard 
3/32-in.-wall cylindrical tube that would fit inside the outer hexagonal tube 
was used for the inner protective cylinder of the subassembly. The cylinder 
is much more res is tant to internal p r e s su re than the hexagonal tube. Tests 



have shown that, without the protective cylinder in place, p r e s s u r e burs t s 
representative of those accompanying cladding rupture could bulge the outer 
hexagonal tube enough to cause problems when removing the subassembly 
from the reactor . 

Both subassemblies are designed to hold the maximum 
number (19) of 0.250-in.-OD elements that can be contained with a protective 
cylinder and hexagonal liner in an outer hexagonal tube of standard EBR-II 
dimensions. The Mark E19D is designed to accept 60.9-in.-long elements 
reconstituted from the Mark-F37 and Mark-F37A irradiat ion subassembl ies . 
These full-length elements require a complex lower-collector ar rangement . 
The Mark E19E is designed to accept 40-in.-long elements from the 
Mark-N37 irradiation subassembly. The element in the Mark E19E extends 
7 J in. below the core to allow space for a platform or reflector in the bottom 
of the element. The lower collector in the Mark E19E is a simple cup in the 
top of the lower reflector. The lower axial reflector (below the test ele
ments) serves as a radiation shield to protect the permanently installed 
reactor-vessel s tructure. 

Figures I.C.3 and I.C.4 show the features of the final design 
of the subassemblies. The outer s t ructure of each uses standard hardware 
consisting of a lower adapter, an outer hexagonal tube, and a top end fixture. 
All internal and external hardware is Type 304 stainless steel . The 19 test 
elements are fastened in place at their bases by a standard design of 
element-support grid. The bottom tips of the elements a re T-slotted to 
fit over the T-shaped grid ba r s . The holes in the orifice plate must be 
sized for the particular experiment to be irradiated. 

The Mark E19D does not use a lower axial reflector; instead, 
it relies on material within the long elements for shielding. The lower 
collector in that subassembly has a thick base just below the element-
support grid. Sodium is drained from two l / l 6-in. holes in the center of 
this base and from four l / l 6 - i n . slots in the heavy cylinder forming the 
walls of the cup. 

The Mark E19E uses a 1 4 | | -in.-long lower axial reflector 
that is welded to the lower adapter. The lower collector, located within this 
lower reflector, is a i f - i n . - d i a cup extending about 3 in. below the six 
0.594-in.-dia upper flow holes. The cup has a l /S- in . hole at the bottom 
for sodium drainage during fuel handling. This unusually large drain hole 
was selected to provide rapid drainage during normal fuel handling. 

The velocity of sodium flow through the large inlet holes 
m the lower collector of both subassemblies should prevent debris from 
leaving these holes during operation. The volume of the collector is suffi
cient to contain debris resulting from element failure. 



51 

"S > 

9 ^ 

a 2 



52 

.2 tA 

2 
a 



5 3 

The top of the p r o t e c t i v e cy l inde r in both s u b a s s e m b l i e s i s 
f a s t ened to a hexagona l s p a c e r . Th i s s p a c e r i s p l u g - w e l d e d to the ou te r 
hexagona l t ube . The cy l inde r i s welded to a bo t tom s p a c e r tha t f loa ts i n s i d e 
the ou te r hexagona l tube . Th i s d e s i g n a c c o m m o d a t e s d i f f e ren t i a l e x p a n s i o n 
and s l ight bowing of the c y l i n d e r . 

The inner hexagona l tube , which is f a i r ly fluid t ight , i s 
m a d e of s ix 120°-angle s e g m e n t s , each o v e r l a p p e d one flat. The l a p s a r e 
c lo sed by v e r y l ight p r e s s u r e f r o m s ix v e r t i c a l s p a c e r s , one of which i s 
l o c a t e d be tween each flat of the i nne r hexagona l tube and the p r o t e c t i v e 
c y l i n d e r . A flow of s o d i u m coolant i s admi t t ed to the s p a c e be tween the 
i n n e r hexagona l tube and the cy l inde r t h rough a s lo t at the s u p p o r t i n g 
s p a c e r be low the c o r e . The p r e s s u r e of th i s coolant t ends to p r e s s the 
w a l l s of the i n n e r hexagona l tube aga ins t the t e s t e l e m e n t s and to a c c o m 
m o d a t e swel l ing v a r i a t i o n s along the e l e m e n t length . T h i s a r r a n g e m e n t 
h e l p s to m a i n t a i n a f avorab le flow d i s t r i b u t i o n t h r o u g h the e l e m e n t b u n d l e . 

3. Coolant C h e m i s t r y (D. W. C i s s e l ) (189a 02-051) 

a. M o n i t o r i n g of Sod ium-Coo lan t Q u a l i t y 

(i) I m p r o v e d Me thods for De tec t i ng W a t e r - t o - S o d i u m L e a k s 
in the E B R - I I Seconda ry S y s t e m (S. G r e e n b e r g ) 

Not p r e v i o u s l y r e p o r t e d . 

A s y s t e m that p r o v i d e s i m p r o v e d s e n s i t i v i t y and r e s p o n s e 
t i m e for d e t e c t i o n of w a t e r - t o - s o d i u m l e a k s is d e s i r a b l e . Oxygen and 
h y d r o g e n m e t e r s su i t ab l e for d i r e c t i m m e V s i o n in sod ium, now u n d e r d e 
v e l o p m e n t in the ANL Sodium Techno logy ac t iv i ty , m a k e th i s ob jec t ive 
f e a s i b l e . 

C a l c u l a t i o n s to d e t e r m i n e s e n s i t i v i t y and r e s p o n s e t i m e 
for d i f fe ren t d e p l o y m e n t s of oxygen and hydrogen m e t e r s have been m a d e . 
On the b a s i s of e c o n o m i c and o p e r a t i o n a l r e q u i r e m e n t s and the fact t ha t 
the s y s t e m s a r e s t i l l in a s t a t e of d e v e l o p m e n t , it i s t e n t a t i v e l y r e c o m 
m e n d e d tha t one d e t e c t o r m o d u l e * be i n s t a l l e d d o w n s t r e a m of the E B R - I I 
s u p e r h e a t e r s . A c a l i b r a t i o n modu le for the oxygen m e t e r wil l a l s o be r e 
q u i r e d . T a b l e I .C . l g ives the s e n s i t i v i t i e s and r e s p o n s e t i m e s for the 
r e c o m m e n d e d i n s t a l l a t i o n . 

F o r w a t e r l e a k a g e , the m i n i m u m d e t e c t a b l e r a t e s r e s u l t in 
neg l ig ib l e (in t e r m s of r e a s o n a b l e shutdown t i m e s ) r a t e s of tube w a s t a g e . 
F o r s t e a m l e a k a g e , e x t r a p o l a t i o n of r e c e n t APDA da t a i n d i c a t e s r a t e s of 
tube w a s t a g e of the o r d e r of 3 m i l s / m i n . 

To achieve desired redundancy, the recommended detector module will consist of an oxygen meter and 
a hydrogen meter. 
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TABLE I.C.l. Sensitivities and Response Times lor Combination of Oxygen Meter 
and Hydrogen Meter Downstream of EBR-II Superheaters^ 

Leak in superheaters 

Leak in evaporators 

Oxygen 

Z.42 

2.42 

Mm Leak Rate 

Detector 

10-5 

10-5 

lb/sec 

Hydrogen Detector 

1.29 X 10"5 

1.29 X. 10'5 

Response 

Oxygen Detector 

5 

-IZO 

Time, sec 

Hydrogen Detector 

15 

-120 

fjtie assumptions upon which this table are based are, iai power level, 62.5 MWt; limit of oxygen detection, 30 ppb; limit 
o( hydrogen detection, 2 ppb; lag time of oxygen meter, nil; lag time of hydrogen meter, -10 sec. 

Development and spec i f i ca t ion of the i m p r o v e d s y s t e m wil l 
continue in coopera t ion with the ANL Sodium Techno logy ac t i v i t y . 

(ii) Analy t ica l Cold T r a p (W. H. Olson , E . R. E b e r s o l e , and 
T. P . R a m a c h a n d r a n ) 

The p ro to type of the ana ly t i ca l cold t r a p , d e s c r i b e d in the 
P r o g r e s s R e p o r t for A p r i l - M a y 1970 (ANL-7688 , pp . 91 -93 ) , w a s d i s 
a s s e m b l e d in an i n e r t - a t m o s p h e r e glovebox, and the s a m p l e s e c t i o n s w e r e 
ana lyzed for m e t a l s . Significant a m o u n t s of c a l c i u m , m a g n e s i u m , and c o p p e r 
w e r e found. C a l c i u m and m a g n e s i u m a r e i m p u r i t i e s in the t i t a n i u m - m e s h 
packing of the cold t r a p . Copper c a m e f rom a s a m p l e p l aced u p s t r e a m of 
the t r a p dur ing the ope ra t iona l t e s t . The coppe r s a m p l e los t 290 m g d u r i n g 
the ope ra t iona l t e s t , and 197 mg of coppe r w e r e found in the t r a p . F i g 
u r e I .C.5 shows the d i s t r i bu t i on of copper in the t r a p as a funct ion of t e m 
p e r a t u r e . The cold end of the p ro to type was not packed wi th m e s h , so t h e r e 

Fig. I.C.5 
Distribution of Copper in Proto
type of Analytical Cold Trap. 
ANL Neg. No. IF-103-N5403. 

AVERAGE SECTION TEMPERATURE, °F 
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are no data below about 300°F. In future t raps , the cold end will be sectioned 
and packed with mesh as are the other sections of the t rap. 

4. Experimental Irradiation and Testing (R. Neidner) (189a 02-053) 

a. Experimental Irradiations 

Last Reported: ANL-7742, p. 48 (Sept 1970). 

Table I.C.2 shows the status of the experimental i rradiat ions 
in EBR-II on October 15. 

TABLE I.C.2. Status ol Experimental Irradiations in EBR-II as of October 15, 1970 (Run 46B in ProgressI 

Subassembly 
No. and 

IPosition) 

XX02 
(5F3I 

XG03A 
(8D2I 

XG04A 
(8A7I 

X058 
(6F1I 

X06I 
(7A5I 

X062 
(6F3) 

X073 
(6C3I 

X076 
(7D3) 

X079 
<4B2) 

XOSO 

(6E5I 

X081 

(7C5) 

X083 

{5E2I 

X086 

(4D3) 

X08e 

(6F4I 

X089 

(2F1) 

xm 
I7D5I 

X091 
I4E3) 

XW2 
(7B3) 

X095 
(7A5I 

XIOO 
[2D1) 

X103 
(2F1) 

Date 
Charged 

4/13/70 

9/14/70 

9/15/70 

ii/24/69 

4/23/69 

5/23/69 

12/12/69 

3/27/70 

4/17/70 

9/11/70 

5/24/70 

9/15/70 

8/7/70 

5/24/70 

9/15/70 

9/15/70 

9/11/70 

9/15/70 

9/18/70 

10/7/70 

10/7/70 

Capsule Content and 
(Number of Capsules! 

U02-25 wt % PuO^ 

U0;-20 wt % PuO^ 

UO2-20 wt % PuO^ 

U02-25 wt % PUO2 

Structural 

U02-25 wt % PUO2 

U02-25 wl % PuO^ 

U02-25 wt % PuOj 

'•Jo. 85-^^0.15"^ 

UO -̂ZO wt % PuO^ 
Structural 
Structural 

UO2-25 wt % PuO^ 

Mark lA 

IUo.8-Puo.2lN 
(Uo8-Puo2'C 
IUo.8-Puo.2'C 

U02-25 wt % PUO2 

Structural 

Structural 
Structural 
Structural 
Structural 

SIructural 

Structural 

Structural 

Structural 

Structural 

136) 

(2) 

(21 

(371 

(71 

(37) 

(371 

(19) 

(191 

1121 
(1) 
14) 

19) 

(61) 

110) 
(5) 
t4) 

(19) 

(7) 

(4) 
(1) 
(1) 
(1) 

(7) 

11) 

t l ) 

(71 

(1) 

Experi
menter 

HEDL 

GE 

G£ 

GE 

INC 

G£ 

HEDL 

WARD 

UNC 

NUMEC/ANL 
GE » 
GE 

GE 

ANL 

BMI 
LASL 
WARD 

WARD 

HEDL 

BMI 
INC 
ORNL 
HEDL 

HEDL 

LASL 

NRL 

ORNL 

HEDL 

Accumulated 
Exposure, 

MWd 

6,495 

1,100 

1,100 

15,681 

16,451 

13,778 

10,351 

6,652 

6,495 

1,100 

5,151 

1,100 

2,450 

5.151 

1.100 

1,100 

1,100 

1,100 

1,100 

350 

350 

Estimated 
Goal 

Exposure, 
MWd 

8,000 

5,000 

11,000 

16,000 

18,000 

13,400 

29,600 

15,000 

6,300 

2,900 

16,000 

10,000 

6,000 

12,500 

7,800 

6,700 

16,000 

2,700 

11,000 

10,000 

800 

Burnup^ 

2,5 

0,3 + 8.0'' -' 8.3 

0.3 * 8,5^ -- 8,8 

5.7 

3.5 

5.8 

2.4 

2,4 

3.4 

0.4 * n.fP -- 11,4 
0.2 * 8.2'' -- 8.4 
0.2 + 1,0'' ' 1,2 

1,8 * 6.7'' ' 8.5 

0.4 

1.3 
1.3 
1.2 

1.4 

0.4 

0.2 
0.2 
0.2 
0.2 

0.3 

0.2 

a2 

0.1 

0.1 

^Estimated accumulated center burnup on peak rod, baseit on unperturbed flux, but considering depletion effects Ifuels, al. %; 
nonfuels, nvt x lO'^^l, 

''Previous exposure from anottier subassembly. 

http://IUo.8-Puo.2lN


During the shutdown be tween Runs 46A and 46B, e x p e r i m e n t a l 
s u b a s s e m b l y X055 was r emoved f rom the g r id . Th i s s u b a s s e m b l y con ta ined 
19 UNC m i x e d - c a r b i d e c a p s u l e s . The a v e r a g e bu rnup of the l ead c a p s u l e 
was app rox ima te ly 4,3 at . %, and the midp lane f luence for the s u b a s s e m b l y 
was app rox ima te ly 4.4 x l O " nvt (total flux). S u b a s s e m b l i e s XIOO and 
X103 (see Table I .C.2) w e r e loaded dur ing the s a m e shutdown. 

b. Opera t iona l In -ce l l Handling and E x a m i n a t i o n E q u i p m e n t 

(M. J . F e l d m a n ) 

L a s t Repor t ed : ANL-7377 , pp. 50-52 (Aug 1970). 

(i) Examina t ion Equipment (J. P . B a c c a and D. B. H a g m a n n ) 

(a) P r o f i l o m e t e r (M. D. C a r n e s ) 

The contact p r o f i l o m e t e r for m a k i n g con t inuous d i a m e 
te r s u r v e y s of capsu le s or e l e m e n t s (see ANL-7737) has been r e m o t e l y 
t e s ted in the a i r cell and is being rou t ine ly u s e d for p o s t i r r a d i a t i o n d i a m e t e r 
m e a s u r e m e n t s . It can a c c o m m o d a t e c a p s u l e s and e l e m e n t s wi th s p i r a l 
s p a c e r w i r e s . The d i a m e t e r p ro f i l e s of 107 i r r a d i a t e d c a p s u l e s have been 
m e a s u r e d success fu l ly with the i n s t r u m e n t . 

The unce r t a in ty of the p r o f i l o m e t e r was d e t e r m i n e d by 
compar ing its t r a c e s aga ins t va lues obtained with the B a u s c h & L o m b D R - 2 5 B 
optical gauge. The ave rage unce r t a in ty of the p r o f i l o m e t e r i s l e s s than 
±100 fiin. The p ro f i l ome te r has a r a n d o m z e r o shift ( a v e r a g e va lue is 30 ^ in . ) 
whose magni tude is identified on each p rof i l e t r a c e . The to ta l u n c e r t a i n t y is 
the summat ion a v e r a g e unce r t a in ty p lus the z e r o shift for e a c h ind iv idua l 
p ro f i l e . 

(b) Mil l ing Machine (D. M. P a i g e ) 

A smal l bench mi l l has been modif ied for r e m o t e o p e r a 
tion and ins ta l led in the a i r ce l l . With o u t r i g g e r suppor t , it can m a c h i n e 
i t e m s up to the s ize of a s u b a s s e m b l y . V a r i o u s s t a n d a r d m i l l c u t t e r s up to 
about 4 in. in d i a m e t e r and smal l end m i l l s can be u s e d . The t a b l e h a s a 
longitudinal t r ave l of 12 in., a c r o s s feed of Sj in . , and a v e r t i c a l t r a v e l of 
9 l in. Vises and holding j igs a r e a v a i l a b l e . 

^- E x p e r i m e n t a l Support (M. J . F e l d m a n , J . P . B a c c a , N. R. G r a n t , 
R. V. St ra in , R. D. P h i p p s , S. T . Z e g l e r . J . W. R i z z i e , 
A. K. Chakrabor ty , D. B. Hagmann , H. A. T a y l o r , and 
G. C. McCle l lan) 

L a s t Repor ted : ANL-7742 , pp. 4 8 - 5 3 (Sept 1970). 

(̂ ^ Subassembly E x a m i n a t i o n s . T a b l e I .C.3 s u m m a r i z e s the 
status of examina t ions being m a d e on the s u b a s s e m b l i e s l i s t e d . 
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Subassembly No. 
and (Type) 

X072 (A 19) 

X077 (B7A) 

X078 (E61) 

Structural (GE. ANL, WADCO); peak 
total fluence, 9.52 x 1022 n/cm^. 

Mixed-oxide fuel (GE); peak burnup of 
lead element, 5.3 at. %. 

Structural (PNL); peak total fluence 
for lead capsule, 3.5 x lO^^ nvt. 

Unencapsulated mixed-oxide fuel 
elements (GE); peak burnup, 6.2 at. %. 

Unencapsulated mixed-oxide fuel (GE); 
peak burnup, 6.3 at. %. 

Structural (WADCO); peak total 
fluence, 6.99 x 1022 n/cm^. 

Mixed-oxide fuel (GE); peak burnup 
for lead element, 6.3 at. %. 

Helium-pressurized structural 
elements (AND. 

Encapsulated driver elements of 
Mark-IA fuel (AND; peak burnup, 
2.4 at. %. 

Mixed-oxide fuel (GE, NUMEC), mixed-
carbide fuel (LASL, Westingtiouse), 
mixed-nitride fuel (BMI); burnup 
values reported in September 1970 
Progress Report, ANL-7742, p. 51. 

Mixed-oxide fuel (AND; lead-element 
peak burnup, 3.8 at. %. 

Structural (ORNL, PNL); peak total 
fluence, 0.8 x ]022 nvt. 

Unencapsulated Mark-IA driver ele
ments (AND; peak burnup on center 
element BF-U, 4.3 at, %. 

Unencapsulated mixed-oxide fuel 
(WADCO); peak burnup. L I aL %. 

Terminal postirradiation examinations are being made. Subassemt)ly-straightness 
test and iiexagonal-can measurements were completed. The can was removed by 
slitting axially after normal dismantling procedures failed, apparently because of 
swelling of the capsules. Visual examination and length and bow measurements of 
all seven capsules were completed. Diameter measurements (with the DR-25) of 
two capsules were completed. 

Visual examinations and neutron radiography showed no capsules defective. Diame
ter, length, bow, and weight measurements of all capsules were completed. This 
testing completes the interim examination of this subassembly. 

In progress are visual examination; weight, bow, and length measurements; and 
neutron radiography. Reconstitution and continued irradiation of the experiment 
will depend on review of the neutron radiographs. 

The FEF standard procedure for washing sodium from experimental subassemblies 
was used for this multiple-hexagonal-tube subassembly; no abnormalities were 
noted. Interim examination of the unencapsulated elements was started. Examina
tions completed are visual examination of all 37 elements; profilometry and overall-
length determination of 21 elements; and neutron radiography of 20 elements. The 
20 elements neutron-radiographed (and possibly additional ones) will have their 
diameters measured and will be visually inspected and photographed. Reconstitution 
in a new subassembly for additional irradiation starting with Run 47 is planned. 

No problems were encountered when washing this multiple-hexagonal-tube sub
assembly with the FEF standard washing procedure for experimental subassemblies. 
Interim examination of the unencapsulated fuel elements was begun. Fifteen ele
ments were diameter-surveyed and neutron-radiographed. Visual examination of all 
elements was completed. Additional examinations will include profilometry measure
ments, overall-length measurements, and visual and photographic inspection, all 
before reconstitution into a new subassembly for additional irradiation starting 
with Run 47. 

Terminal postirradiation examination is being made. Subassembly-straightness test 
and hexagonal-can measurements were completed. The can was removed by slitting 
axially after normal dismantling procedures failed, apparently because of swelling of 
the capsules. Visual examination, length and bow measurements, and diameter 
measurements (with the DR-25) of all seven capsules were completed. 

Neutron radiographs of all 19 capsules showed no defects that might preclude con
tinued irradiation. Diameter measurements and weight determinations of all 19 cap
sules were completed. Profilometer diameter measurements of five capsules were 
made. This testing completes the interim examination of this subassembly. 

Reconstitution of tflis subassembly is planned so that the sixth cycle of irradiation 
for the pressurized test elements can begin at the start of Run 47. This sub
assembly is being irradiated as a part of the ANL/EBR-II in-reactor creep testing 
of stainless steel tubing. 

Visual examination of three capsules has been completed. Interim examination of 
the remaining 58 capsules is in progress. One element will be destructively ex
amined. The subassembly will be reconstituted for additional irradiation. 

Interim examination was concluded with completion of diameter surveys of all 
19 capsules and diameter profilometry of 10 capsules. Ten capsules have been re
turned to the experimenters (GE, LASL, and BMI); the remainder are being con
sidered for reconstitution in new subassemblies for additional irradiation. 

Interim examination of the encapsulated elements was started. 

Interim examination was completed. Visual examination of all capsules showed 
nothing abnormal. All capsules are being returned to the experimenters. 
Element BF-11 has been given visual and photographic examination, diameter sur
vey, weight determination, and sodium-bond test. Neutron radiography of the ele
ment will complete the interim examination. The element will be reconstituted in a 
new subassembly for additional irradiation in an experiment of irradiation to 
cladding failure. 

Subassembly was received from the reactor for a minimal interim examination and 
for reconstitution of the elements into a new subassembly (X087A) for additional 
irradiation. 



(ii) S u b a s s e m b l y F a b r i c a t i o n s . The fol lowing s u b a s s e m b l i e s 

w e r e m a d e up with new e l e m e n t s : 

Type of Conten t (and N u m b e r ) 

S u b a s s e m b l y I r r a d i a t i o n of C a p s u l e s o r 
No. S u b a s s e m b l y E l e m e n t s 

X093 M a r k B61A WADCO u n e n c a p s u l a t e d m i x e d -
oxide fuel e l e m e n t s (61) 

XIOO M a r k B7A ORNL e n c a p s u l a t e d s t r u c t u r a l 
e l e m e n t s (7) 

XI03 M a r k B7A HEDL e n c a p s u l a t e d s t r u c t u r a l 
e l e m e n t (1); d u m m y e l e m e n t s (6) 

(iii) Remova l of Sodium f rom Mul t iwal l P r o t o t y p a l 
E x p e r i m e n t a l S u b a s s e m b l i e s (R. D. P h i p p s ) 

E x p e r i m e n t a l s u b a s s e m b l i e s with m u l t i p l e h e x a g o n a l t u b e s 
could cause a p r o b l e m while they a r e being w a s h e d with w a t e r in the i n t e r 
building coffin (IBC). T e s t s "with m o d e l s s i m u l a t i n g v a r i o u s channe l s p a c i n g s 
between hexagonal tubes indica ted that a s o d i u m - w a t e r r e a c t i o n could o c c u r 
if the sodium is not d r a ined comple t e ly f rom the annulus b e t w e e n the t u b e s 
before washing . 

In r e c e n t l y comple ted t e s t s , t h r e e p r o t o t y p a l m u l t i p l e - w a l l 
s u b a s s e m b l i e s (Mark H37A, M a r k F 3 7 , and M a r k E61) w e r e g iven a n o r m a l 
e x p e r i m e n t a l - s u b a s s e m b l y wash in the IBC af ter they had r e s i d e d for about 
t h r e e days in the 700°F sod ium of the r e a c t o r s t o r a g e b a s k e t . C o m p a r i s o n 
of f la t - to - f la t m e a s u r e m e n t s of the ou te r hexagona l t ubes (the h e x a g o n a l 
cans) of each s u b a s s e m b l y before and af ter the w a s h cyc le showed no s i g 
nificant d i s t o r t i on of the cans that would ind ica te a v io len t s o d i u m - w a t e r 
r eac t ion had o c c u r r e d be tween the tubes d u r i n g w a s h i n g . No u n u s u a l t e m 
p e r a t u r e i n c r e a s e s in the IBC du r ing the w a s h cyc le w e r e r e c o r d e d . T h e s e 
r e s u l t s a r e , however , not conc lus ive , b e c a u s e v i sua l e x a m i n a t i o n of t he 
inner tubes did not r evea l any r e s i d u a l s o d i u m p r o d u c t s or any c l e a r e v i 
dence that sodium had ac tua l ly wet the s u r f a c e s b e t w e e n the w a l l s of the 
tubes . The s u b a s s e m b l i e s had r i n s e d c lean , a s i nd i ca t ed by w a t e r con
duct ivi ty and chemica l a n a l y s i s , in the u s u a l a m o u n t of t i m e . The r i n s e 
cycle would have been somewha t l onge r if s o d i u m had been r e t a i n e d b e t w e e n 
the wa l l s . 

Washing of i r r a d i a t e d M a r k - E 6 1 s u b a s s e m b l y X078 h a s 
been comple ted , and ano the r M a r k - E 6 1 s u b a s s e m b l y (X082) i s s c h e d u l e d to 
be washed soon. The r e s u l t s of t h e s e w a s h i n g s should p r o v i d e a d d i t i o n a l 
in to rmat ion on this p o s s i b l e p r o b l e m . 
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(iv) Summary of Capsule and Element Examinations. Table I.C.4 
summarizes the various FEF examinations performed on experimental cap
sules and driver-fuel elements for September 1970 and fiscal year 1971. 

T A B L E I .C.4 . S u m m a r y of F E F Examina t ions of E x p e r i m e n t a l C a p s u l e s and D r i v e r - f u e l E l e m e n t s 

Se 

D r i v e r - f u e l 
E l e m e n t s 

Weight 

P e r i s c o p e in spec t ion 

S t e r e o m a c r o s c o p e 
inspec t ion 

D i a m e t e r m e a s u r e m e n t 
With DR-25 
With p r o f i l o m e t e r 

G a m m a s c a n 

Length and bowing 
m e a s u r e m e n t 

Ba lance point 

Bonding a n d / o r bond t e s t 

Neu t ron r a d i o g r a p h y 

P l e n u m - g a s sampl ing 

Deencapsu la t ion or 
decanning 

M e t a l l o g r a p h i c sampl ing 

Me ta l l og raph ic 
examina t ion 

Shipped to e x p e r i m e n t e r s 

5. M a t e r i a l s - C o o l a n t 

0 

2 

0 

48 
0 

5 

0 

0 

122 

0 

0 

5 

8 

6 

0 

Compat 

a. E v a l u a t i o n and 

(i) Eva lu 
F u e l 

a t ion 
(S. G 

Su 

p t e m b e r 1970 

E x p e r i m e n t a l 
Capsu l e s Other 

29 

U 

0 

74 
9 

0 

56 

0 

0 

31 

0 

0 

1 

0 

22 

ib i l i ty (D. 

r v e i l l a n c e i 

of R e a c t i o n b 
r e e n b e r g and 

, 

W . 

0 

1 

0 

4 
0 

6 

0 

0 

0 

4 

0 

0 

8 

4 

0 

Tot. 

D r i v e r - f u e l 
E l e m e n t s 

0 

16 

0 

176 
0 

10 

0 

0 

391 

39 

8 

13 

27 

15 

25 

C i s s e l ) (189a 

of EBR 

e tween 
W. E . 

-II M a t e r i 

Sodium a] 
R u t h e r ) 

al for 

Exp 
C 

0 2 -

a l s 

nd W. 

FY 1971 

e r i m e n t a l 
a p s u l e s 

97 

29 

1 

139 
23 

0 

83 

0 

0 

128 

2 

2 

1 

0 

49 

063) 

l ixed-ox 

o t h e r 

0 

5 

1 

4 
0 

13 

0 

0 

0 

11 

0 

4 

12 

5 

7 

;ide 

Last Reported: ANL-7737, pp. 54-55 (Aug 1970). 

The program described in ANL-7737 is in p rog res s . 
A deliberately defected section of Element X007 from Subassembly X040A 
is being tested in 700°F flowing sodium with the cold trap held at 110°C, 
a temperature at which oxygen concentration is -1-2 ppm. Element X007 
contains 20 wt % plutonium mixed oxide ( O / M = 1.98) with a smear density 
of 76.5% of theoretical and is clad with 20-mil-thick Type 304L stainless 
steel. Burnup is 5.8 at. %. The sample is 1.959 in. long. An axial defect 
approximately 0.8 in. long at the surface was made through the cladding by 
a 15-mil-thick abrasive wheel to a maximum depth of slightly greater than 
0.015 in. into the fuel. 



The defected e l e m e n t h a s been exposed for about s e v e n d a y s 
and has been inspec ted twice du r ing th i s p e r i o d . T h e r e h a v e b e e n n o t i c e a b l e 
: : ' n o t c a t l s t r o p h i c changes . The defec t h a s widened and the c l a d d m g has -
bulged s l ight ly . M e a s u r e m e n t s ind ica te a m a x i m u m i n c r e a s e m d i a m e t e r 
of approx ima te ly 2 m i l s at the c e n t e r of the de fec t . The r a t e of d i a m e t e r 
i n c r e a s e a p p e a r s to be d e c r e a s i n g wi th t i m e . 

(ii) M a x i m u m - t e m p e r a t u r e I n d i c a t o r s for I n - r e a c t o r 
E x p e r i m e n t s (W. E. R u t h e r , S. G r e e n b e r g , and 
D. J . D o r m a n ) 

L a s t Repor t ed ; ANL-7742 , pp . 53-55 (Sept 1970). 

A s e r i e s of e x p e r i m e n t s h a s been p e r f o r m e d in an a t t e m p t 
to d e t e r m i n e why the t e m p e r a t u r e s d e t e r m i n e d in i n - r e a c t o r t e s t s wi th 
m a x i m u m - t e m p e r a t u r e i n d i c a t o r s (MTI ' s ) did not c o r r e l a t e wi th a c t u a l 
t e m p e r a t u r e s . 

Seven MTI inner c a p s u l e s u s e d in s e v e r a l e x p e r i m e n t s 
w e r e ref i l led with sodium at 150°C. (It had been d e t e r m i n e d by we igh ing 
that t h r e e of the seven had not been comple t e ly fil led p r e v i o u s l y by the 
s t andard p r o c e d u r e . ) All c apsu l e s have been fi l led, we ighed , r e h e a t e d , and 
refi l led unti l t he i r filled weight is cons tan t . 

T h r e e se t s of e x p e r i m e n t s w e r e conducted to d e t e r m i n e the 
r e l a t ive i m p o r t a n c e of t i m e , t e m p e r a t u r e cyc le , and g a s - v e r s u s - v a c u u m fill 
of the annulus between the inner and ou te r c a p s u l e . The r e s u l t s , shown in 
Tab le I .C.5 , indica te that (1) the gas - f i l l ed un i t s w e r e a d e q u a t e for s h o r t 
exposu re t i m e s , but indica ted e r r o n e o u s l y high t e m p e r a t u r e s wi th l o n g e r 
exposure ; (2) the vacuum-f i l l ed uni t suffered th i s l o s s of a c c u r a c y to a m u c h 
g r e a t e r extent that the gas - f i l l ed un i t s ; and (3) cyc l ing the g a s - f i l l e d u n i t s 
des t royed the i r use fu lness as t e m p e r a t u r e i n d i c a t o r s . 

TABLE I.C.5. Response of MTI Capsules 

Duration 
of Tes t , 

h r 

2 
2 

335 
335 
335 

7 
7 

Numb e r 
Temp Cyc 

1 
1 

1 
1 
1 

10 
10 

of 

l e s 

L o w Tent 
Cycle, 

RT 
RT 

RT 
RT 
RT 

403 
403 

ip of 
°C 

Fil l between 
Capsules 

Gas 
Gas 

Gas 
Gas 

Vacuum 

Gas 
Gas 

M a x i m u m T e m p , °C 

Ca lcu la ted f rom 
Actual MTI Weighings 

494 ± 2 506 
496 

494 ± 2 537 
526 
730 

494 ± 2 631 
>750 
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Since t e m p e r a t u r e c y c l e s can o c c u r in E B R - I I d u r i n g 
s t a r t u p , s e n s i t i v i t y of the M T T s to t e m p e r a t u r e cyc l ing m u s t be e l i m i n a t e d . 
To gain an u n d e r s t a n d i n g of t h i s s e n s i t i v i t y , two s e t s of MTI i n n e r c a p s u l e s 
w e r e cyc led at 150-370°C in a h e l i u m d r y box whi le t h e i r b e h a v i o r w a s o b 
s e r v e d as a funct ion of e j e c t i o n - t u b i n g s i z e . In both e x p e r i m e n t s , c a p s u l e s 
f i t ted wi th h y p o d e r m i c tubing (20 gauge in one e x p e r i m e n t , 18 gauge in t he 
o t h e r ) o p e r a t e d s m o o t h l y for the f i r s t c y c l e . On s u b s e q u e n t r e h e a t i n g s , 
h o w e v e r , r e l a t i v e l y l a r g e a m o u n t s of add i t iona l s o d i u m w e r e expe l l ed , 
t h e r e b y l ead ing to e r r o n e o u s l y high c a l c u l a t e d m a x i m u m t e m p e r a t u r e s 
(>650°C) a f t e r five c o m p l e t e c y c l e s . It i s p o s t u l a t e d tha t the e x c e s s i v e 
expu l s ion of s o d i u m is c a u s e d by a globule of s o d i u m hanging at the b a s e 
of the tube i n s i d e the c a p s u l e d u r i n g cool ing, whi le the e n t e r i n g gas b u b b l e s 
p a s s e d the g lobu le . On r e h e a t i n g , the sod ium in the globule is f o r c e d up the 
h y p o d e r m i c tubing and expe l led by the expanding g a s . M T I c a p s u l e s f i t ted 
wi th tubing of l / l 6 - i n . ID x 3 / 3 2 - i n . OD did not show th i s effect when c y c l e d . 
The m a x i m u m t e m p e r a t u r e ca l cu l a t ed f r o m t h e i r weight change w a s wi th in 
4°C of the o b s e r v e d m a x i m u m t e m p e r a t u r e . 

Six c a p s u l e s with the l a r g e r e jec t ion t ubes a r e be ing p r e 
p a r e d . T h e y wil l be t e s t e d for a c c u r a c y , r e f i l l ed , and suppl ied for the 
g a m m a - h e a t i n g m e a s u r e m e n t s p r o p o s e d for E B R - I I . 

6. R e a c t o r A n a l y s i s , T e s t i n g , and Me thods D e v e l o p m e n t (189a 02 -144 ) 

a. N u c l e a r , T h e r m a l , and H y d r a u l i c S u r v e i l l a n c e 

L a s t R e p o r t e d : A N L - 7 7 4 2 , pp . 57-69 (Sept 1970). 

(i) I n c r e a s i n g the P o w e r L e v ^ l of E B R - I I f r o m 50 to 62.5 MWt. 
V a r i o u s n u c l e a r , t h e r m a l , and h y d r a u l i c t e s t s w e r e m a d e in conjunct ion wi th 
the i n c r e a s e in p o w e r of E B R - I I f r o m 50 to 62.5 MWt effect ive wi th Run 46A. 
S u m m a r i z e d below a r e the m o s t s igni f icant r e s u l t s of t h e s e t e s t s , 

(a) R o d - d r o p S tudies (H. A, L a r s o n . I. A. E n g e n , 
R. W. Hyndman , and M. R. Tuck) 

The r e a c t o r was s t a r t e d up and b r o u g h t to a p o w e r l e v e l 
of 50 MWt on S e p t e m b e r 2 1 . After a s e r i e s of rod d r o p s at 50 MWt, the 
p o w e r l eve l w a s r e d u c e d to 500 kWt to c a l i b r a t e the r e a c t i v i t y w o r t h of the 
d r o p rod . Addi t iona l rod d r o p s w e r e m a d e , and the power l e v e l aga in w a s 
i n c r e a s e d to 50 MWt. Rod d r o p s w e r e r e p e a t e d at 50 MWt, and the r e s u l t i n g 
f eedback da t a w e r e u s e d to p r e d i c t the f eedback at 56 MWt. Then , the p o w e r 
l eve l w a s i n c r e a s e d to 56 MWt, add i t iona l r od d r o p s w e r e m a d e , and the r e 
su l t ing f eedback da t a w e r e u s e d to p r e d i c t the f eedback at 62,5 MWt. The 
p o w e r l eve l w a s i n c r e a s e d to the goal of 62.5 MWt on S e p t e m b e r 25, and 
r o d - d r o p m e a s u r e m e n t s w e r e r e p e a t e d a t t h i s power l e v e l . 
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Typical rod-drop da ta a r e shown in F i g s . I .C.6 and 
I .C.7, which give the power and computed feedback r e c o v e r y at 50 and 
62.5 MWt, r e s p e c t i v e l y . At both p o w e r s , the feedback is n e g a t i v e and is 
p r o m p t in the t i m e in t e rva l 0-2 sec a f te r the d r o p . S i m i l a r d a t a s e t s (not 
i l l u s t r a t ed ) w e r e taken over the p o w e r r a n g e f r o m 62.5 to 40.0 MWt at the 
end of Run 46A. 

Fig. I.C.6. Power and Negative Feedback at 50 MWt at Start 
of Run 46A (average from five rod drops) 

y 

. v . " - . / ^ 

„„,,v~/«~-Jy^ 

T * 

Fig. I.C.7. Power and Negative Feedback at 62.5 MWt at Start 
of Run 46A (average from four rod drops) 
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(b) F e e d b a c k - m o d e l S tudies (H. A. L a r s o n , I. A. E n g e n , 
R. W. Hyndman , and M. R. Tuck) 

As c i ted in the p r e c e d i n g s ec t i on , the f eedback m e a s u r e d 
at 50 MWt w a s u s e d to p r e d i c t the feedback at 56 MWt. S i m i l a r l y , the f eed
b a c k m e a s u r e d at 56 MWt was u s e d to p r e d i c t that at 62.5 MWt. The m e t h o d 
involved the f i t t ing of f eedback da t a to a m a t h e m a t i c a l m o d e l in the m a n n e r 
d e s c r i b e d by Hyndman and Nicho l son .* Then , the coef f ic ien t s ( a m p l i t u d e s ) 
of each f eedback t e r m in the m o d e l w e r e i n c r e a s e d by the r a t i o of the p o w e r 
i n c r e a s e , and the f e e d b a c k - r e c o v e r y function w a s r e c o m p u t e d . P o w e r w a s 
i n c r e a s e d to the next l e v e l , and the m e a s u r e d feedback was c o m p a r e d wi th 
the p r e d i c t e d feedback . 

The m o d e l s , which i n c o r p o r a t e the b e s t - f i t v a l u e s for 
a m p l i t u d e s and t i m e c o n s t a n t s , w e r e as fol lows; 

P o w e r L e v e l , 
MWt F e e d b a c k Model 

50 -H(S) 
0.1 0.048 0.018 

1 -F 0.2S 1 + 0.4S 1 + 2.OS 

0.085 0.0312 0.037 0.0341e"^-°^ 
56 -H(s) = — — — + -^-—r^ + , ,• „c + 

62.5 -H(S) 

1 + 0.2S 1 + 0.4S 1 + 2.OS 1 -F 5.4S 

0.095 0.0335 0.051 0.020e-^-°S 
1 -F 0.2S '*' 1 + 0.4S """ 1 -F 2.OS "*" 1 -F 5.4S 

The a m p l i t u d e s in thefee m o d e l s a r e e x p r e s s e d in u n i t s 
of d o l l a r s of r e a c t i v i t y and a r e defined a s the p r o d u c t of t he p o w e r l eve l 
(in m e g a w a t t s ) and the d i f f e ren t i a l p o w e r coeff ic ient of r e a c t i v i t y (in d o l l a r s 
of r e a c t i v i t y p e r m e g a w a t t ) . The feedback , -H , is a c o m p l e x n u m b e r and i s 
e x p r e s s e d in d o l l a r s of r e a c t i v i t y . S is the c o m p l e x o p e r a t o r , iOD, w h e r e CD 
i s o s c i l l a t i o n f r e q u e n c y in r a d i a n s / s e c . Hence , when S = 0 ( i . e . , when the 
r e a c t o r i s o p e r a t i n g u n d e r s t e a d y - s t a t e cond i t ions ) , -H de f ines the P R D 
( p o w e r - r e a c t i v i t y d e c r e m e n t ) , wh ich is the amoun t of r e a c t i v i t y r e q u i r e d 
to b r i n g the s y s t e m f r o m hot c r i t i c a l to the p o w e r l eve l at which the m e a s 
u r e m e n t s w e r e m a d e . 

In the m o d e l s , a p o s i t i v e a m p l i t u d e de f ines a n e g a t i v e 
feedback effect . S i m i l a r l y , a n e g a t i v e a m p l i t u d e i n d i c a t e s a p o s i t i v e f eed
back effect . 

If f eedback effects in the r a n g e of 5 0 - 6 2 . 5 MWt w e r e 
t r u l y l i n e a r , a s i m p l e m u l t i p l i c a t i o n of the a m p l i t u d e for the 50 -MWt m o d e l 
by the f ac to r 6 2 . 5 / 5 0 should give the a m p l i t u d e s m e a s u r e d a t 62.5 MWt. 

*R. W. Hyndman and R. B. Nicholson, The EBR-II Feedback Function, ANL-7478 (luly 1968). 



An inspect ion of the va lues in the m o d e l s , h o w e v e r , shows tha t the f eedback 
An inspeci ion s t r i c t l y l i n e a r . On the o t h e r hand , 

l u i p U c I t r o f t " a m p u r u l ^ f o r the 5 6 - J w t m o d e l by the f a c t o r 6 2 . 5 / 5 6 

T e g v e r e a s o n a b l e p r e d i c t i o n s of the 62 .5 -MWt feedback funct iom F i g 

u r e I.C^S c o m p a r e s the m e a s u r e d da ta with t h o s e c a l c u l a t e d f r o m the 

model given in the f igure . 

0.095 0^035^ O^Oitl_ ^ 0^0381^ 
I .n IC * l i A 11<: 1+9. ns 1+5 

e-5.0S 

• " '^ ' 'Tr tTs^Tr t l^s^T^Tos ' ' 1+5.ts 

rJiie^' 

Fig. I.C.8. Comparison of Measured 62.5-MWt Feedback with Feedback-
reactivity Curve Calculated from 56-MWt Data; Start of Run 46A 

(c ) P r o c e s s i n g R o d - d r o p D a t a w i t h t h e S i g m a - 5 O n - l i n e 

C o m p u t e r ( R . W . H y n d m a n , I . A . E n g e n , a n d M . R . T u c k ) 

T w o m e t h o d s w e r e u s e d f o r p r o c e s s i n g r o d - d r o p d a t a 

d u r i n g R u n 4 6 A . O n e w a s t h e c o n v e n t i o n a l m e t h o d , w h i c h u s e s t h e I B M - 1 6 2 0 

a n d I B M - 3 6 0 / 7 5 c o m p u t e r s . T h e o t h e r m e t h o d u s e d t h e r e c e n t l y i n s t a l l e d 

S i g m a - 5 d a t a - p r o c e s s i n g s y s t e m , o t h e r w i s e k n o w n a s t h e d i g i t a l d a t a -

a c q u i s i t i o n s y s t e m ( D A S ) , * s u p p l i e d b y X e r o x D a t a S y s t e m s . 

F i g u r e I . C . 9 c o m p a r e s r o d - d r o p f e e d b a c k d a t a p r o c 

e s s e d b y t h e t w o m e t h o d s . T h e c o n t i n u o u s c u r v e f o r f e e d b a c k w a s d e r i v e d 

f r o m a n a n a l y s i s m a d e i n t h e c o n v e n t i o n a l m a n n e r . T h e o p e n c i r c l e s a r e 

v a l u e s d e r i v e d f r o m t h e S i g m a - 5 a n a l y s i s . T h e a g r e e m e n t i s e x c e l l e n t , a s 

i t w a s w i t h a l l o t h e r r o d - d r o p d a t a p r o c e s s e d b y t h e t w o n n e t h o d s d u r i n g 

R u n 4 6 A . T h i s e x c e l l e n t a g r e e m e n t i n d i c a t e s t h a t t h e S i g m a - 5 s y s t e m i s 

o p e r a t i o n a l f o r o n - l i n e p r o c e s s i n g of r o d - d r o p d a t a . ( T h e d a t a p r e s e n t e d 

in F i g s . I . C . 6 a n d I . C . 7 w e r e p r o c e s s e d w i t h t h e S i g m a - 5 s y s t e m . ) 

R. W. Hyndman, R. O. Haroldsen, and J. R. Karvinen, EBR-II Digital Data Acquisition System Study, 
ANL/EBR-001 (May 1969). 
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Fig. I.C.9. Comparison of Feedback Function as Measured 
by Conventional and Sigma-5 Methods 

(d) Correction of Programming E r r o r s in the Inverse-
kinetics Codes (H. A. Larson and I. A. Engen) 

Since the development of the inverse-kinetics program, 
the plots of feedback recovery have been characterized consistently by what 
appeared to be strong, negative "spikes" (positive feedback components) 
during the time (approximately 250 msec)^he drop rod was falling. (See, 
for example. Fig. 1 of ANL-7476.) An examination of the computer p rogram 
revealed an indexing e r ro r in the code relating the computed reactivity to 
the zero-power reactivity; i.e., there was a one-t ime-step e r ro r in the 
synchronization. Consequently, the feedback function, which is the difference 
between computed and zero-power reactivity, was in e r ro r . The effects of 
the e r r o r were reflected pr imar i ly when the reactor power level was chang
ing the most rapidly, i.e., during the rod drop. After the drop, when power 
changes much more slowly, the effect of the indexing e r ro r is insignificant. 
All inverse-kinet ics codes have been corrected. 

(e) Power-Reactivity Decrement (PRD) for Run 46A 
(J. K. Long) 

Power-coefficient measurements were made at ap
proximate 10-MWt increments during the ascent to 62.5 MWt at the s tar t of 
Run 46A and during the shutdown at the end of Run 46A. Figure I.C.IO com
pares the data from these measurements with data taken during Runs 45A 
and 38A. (Run 38A was made at 62.5 MWt, without irradiation experiments 
in September 1969.) 
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Fig. I.C.IO. Power-Reactivity Decrement (PRD) for Runs 38A, 45A, 
and 46A (curves offset for separate viewing) 

T h e s l i g h t u p w a r d b e n d b e t w e e n 50 a n d 6 2 . 5 M W t i n 
t h e P R D c u r v e f o r R u n 3 8 A i s a l s o a p p a r e n t i n t h e c u r v e f o r R u n 4 6 A . T h i s 
e f f ec t i s b e l i e v e d t o h a v e o r i g i n a t e d f r o m a n i n c r e a s e i n t h e f r a c t i o n of f u e l 
m a t e r i a l e n t e r i n g t h e g a m m a p h a s e a t t h e h i g h e r t e m p e r a t u r e s a s s o c i a t e d 
w i t h 6 2 . 5 - M W t o p e r a t i o n . 

(f) O n - l i n e R e a c t i v i t y M e t e r ( J . R . K a r v i n e n a n d 
C . C . P r i c e ) 

F i g u r e I . C . l l s h o w s r e a c t i v i t y - m e t e r r e c o r d i n g s f o r 
r o d d r o p s a t 5 0 , 5 6 , a n d 6 2 . 5 M W t . A p p a r e n t i s t h e n e g a t i v e - f e e d b a c k 
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r e c o v e r y in the f i r s t few t e n t h s of a second a f te r the d r o p . The f eedback 
r e c o v e r y had e s s e n t i a l l y the s a m e t i m e dependence as tha t e s t a b l i s h e d wi th 
the i n v e r s e - k i n e t i c s p r o g r a m . Th i s fact s u g g e s t s that the output of the 
r e a c t i v i t y m e t e r m a y be u s e d for r ap id a s s e s s m e n t of the o p e r a t i v e f eedback . 

I sec 

^ititl>t,m, tt^'ktf'ttl^tff 'ffnHjtki,mniHfiM"nfl!'^^ 

m 
tii!iikf(h 

!l«Wll(*hl» mmwtw'^te'iifc 
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I.C.ll 

Recordings made with On-line Reac 
tivity Meter for Rod Drops at 50, 56 
and 62.5 MWt in Run 46A 
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(g) N o i s e - s i g n a t u r e A n a l y s i s (J . R. K a r v i n e n and 
C. C. P r i c e ) 

N o i s e p a t t e r n s w e r e e s t a b l i s h e d for the n e u t r o n l e v e l 
and the two p r i m a r y - s o d i u m p u m p s at each s t e a d y - s t a t e p o w e r s t ep in the 
a s c e n t to 62.5 MWt. F i g u r e I . C . l l shows that a c o n s i d e r a b l e 10-Hz n o i s e 
componen t e x i s t e d , p a r t i c u l a r l y at 50 and 56 MWt. A l s o a p p a r e n t in the 
f igure i s the ind ica t ion that the a m p l i t u d e of the 10-Hz n o i s e d e c r e a s e d 
af ter the p o w e r l eve l w a s r a i s e d to 62.5 MWt. As Run 46A p r o g r e s s e d , the 
a m p l i t u d e cont inued to d e c r e a s e and r e a c h e d a l eve l a p p r o x i m a t e l y 10-fold 
l o w e r a t the end of the run . Dur ing the shutdown at the end of Run 46A, 
n o i s e m e a s u r e m e n t s w e r e t aken at 56, 50, and 40 MWt and at 500 kW. F o r 
al l t h e s e , the a m p l i t u d e r e m a i n e d s m a l l . On s t a r t u p of Run 46B , h o w e v e r , 
the a m p l i t u d e of the 10-Hz n o i s e r e t u r n e d to a p p r o x i m a t e l y the s a m e l e v e l 
a s for the R u n - 4 6 A s t a r t u p . 

N o i s e p a t t e r n s for the two p r i m a r y p u m p s at 50 MWt 
at the s t a r t u p of Run 46A w e r e e s s e n t i a l l y the s a m e a s t h o s e e s t a b l i s h e d 
f r o m e a r l i e r 50-MWt o p e r a t i o n . Al though no e a r l i e r p u m p - n o i s e da ta for 
62.5 MWt e x i s t , the p a t t e r n s e s t a b l i s h e d at 62.5 MWt d u r i n g Run 46A w e r e 
c o n s i s t e n t wi th d a t a t a k e n at 50 MWt. 

The po ten t i a l of u s ing no i se a n a l y s i s for m o n i t o r i n g 
p e r f o r m a n c e of the p r i m a r y p u m p s was i l l u s t r a t e d on S e p t e m b e r 29 . On 
tha t d a t e , the p o w e r d e m a n d for p u m p No. 1 g r a d u a l l y i n c r e a s e d by 5 kW, 
but no change in p r i m a r y flow r a t e w a s i n d i c a t e d . Shor t ly t h e r e a f t e r , t he 
aud ib le n o i s e f r o m p u m p No. 1 was l o u d e r than u s u a l . N o i s e r e c o r d i n g s 
w e r e t a k e n and showed a change in the n o r m a l n o i s e p a t t e r n . O v e r a p e r i o d 
of about an h o u r , the n o i s e p a t t e r n r e v e r t e d to i t s u s u a l f o r m . C o n c u r r e n t l y , 
aud ib le n o i s e and p o w e r d e m a n d r e t u r n e d to n o r m a l . 
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(h) Acoustic Monitoring of EBR-II Superheaters 
(R. N. Curran and V. N. Thompson) 

During the increase of power to 62.5 MWt in Run 46A, 
acoustical measurements were taken on each of the two superhea te rs . The 
accelerometers used to obtain these measurements were mounted near the 
center of the superheaters, on the surface of the shell of the superhea te rs . 
A primary objective of the measurements was to obtain a flow-related 
characteristic noise spectrum that could be used for reference when ana
lyzing future data that might be taken. 

The results of previous analyses and the data collected 
in these measurements indicate a character is t ic noise spectrum, which is 
related to flow through the superheaters . This character is t ic spectrum, 
however, does not exist at the lower flow ra tes . It begins to appear when 
flow through the superheater is approximately 1750 gpm (the flow rate at 
the 30-MWt power level) and grows in amplitude as flow rate increases for 
higher-power operation. The frequency range of this noise is approximately 
1-2 kHz. The same general spectrum was seen on both superhea ters . Above 
approximately 2 kHz, no such character is t ic noise was detected. Below 
approximately 1 kHz, no noise was detected that could be correlated with 
flow through the superheaters. 

Analysis of the data is not yet complete; however, no 
correlation is apparent so far between the data collected during the increase 
to power in Run 46A and the data collected during Run 38A, the previous 
62.5-MWt run in September 1969. One reason for this lack of correlat ion 
is related to a change in the bandwidth of frequency response of the measur 
ing systems. During September 1969, the frequency response was limited 
to about 500 Hz; during Run 46, however, the frequency response was in
creased to 4 kHz. 

(i) Instrument Probe (W. R. Wallin) 

During Run 46A, the tempera ture distribution of the 
coolant m the reactor outlet plenum was measured at a radius corresponding 
to a Row-14 blanket position. Average tempera tures recorded (beginning 
with the lowest thermocouple) were 882, 878, 871, 910, 925, 902, and 896°F 
^ s ' l T s s T , ^ t " September 1969, corresponding tempera tures were 853! 
854, 858 878 881, 880, and 880»F. The small differences a re believed 
caused by a change in the flow pattern in the plenum, which was caused by 
differences m the core loadings. The relationship between the p r e s s u r e L 
a n : r : ^ ^ ; r r i l : : : : ' : ; : " ' "' ^ - - ^ - — ^ equipment on the probe) 

(j) Instrumented Subassembly XX02 (W. R. Wallin) 

sistPnt wti, ,, , ^^""^-^^'e ^nd tempera ture data from XX02 were con
tent with all other system pa rame te r s . The indicated flow rate through 
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XX02 decreased from 49.2 to 47.2 gpm (relative to Run 45B) because of a 
decrease in the p r e s su re drop in the core. Temperature increases were 
consistent with the power increase and the flow decrease . 

(k) Intermediate Heat Exchanger (W. R. Wallin) 

Monitoring of thermocouples of the intermediate heat 
exchanger did not reveal any significant change in the normal temperature 
distribution. 

(1) Subassembly-outlet Temperatures (W. R. Wallin) 

Subassembly-outlet temperatures increased l inearly 
with power during the power increase. Small deviations from expected 
values were noted, but these were of the same order as those usually noted. 

(ii) Analysis of Flow Coastdown in the P r imary Cooling 
System of EBR-II (R. K. Lo and D. Mohr) 

A dynamic model for coastdown of flow of p r imary coolant 
after cessation of pumping power has been derived and used to calculate 
values for the coastdown. 

In the analysis used to derive the model, it was assumed 
that (1) both pumps fail simultaneously; (2) the power is interrupted at the 
output of the generator of the motor-generator (MG) set driving each pump; 
(3) the p r e s su re drop of sodium through the piping, reactor core, reactor 
blanket, and intermediate heat exchanger is proportional to the 1.85 power 
of the flow rate; (4) the pr imary auxiliary j)ump is not operating; (5) the 
equations for steady-state pump head and torque hold during the transient; 
and (6) both pump-motor units behave identically. 

The system dynamics can be described by the following 
equations: 

T = 1 . 9 4 AH + 798.6 nw, 

AH,p = 151 w'•^^ 

and 

dw 
"dF 

dn 

= (AH -AH^)/21 .23 , 

— = -T /2780.6, 
dt P' 
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w h e r e 

AH = pump d i s c h a r g e head in ft. 

= pump speed in r p m , n o r m a l i z e d to a r a t e d speed of 900 r p m , 

= flow r a t e in gpm, n o r m a l i z e d to a r a t e d flow of 
4670 g p m / p u m p . 

and 

T = p u m p - l o a d t o rque in Ib-ft , 

AHn p r e s s u r e d r o p in ft. 

The equat ions w e r e p r o g r a m m e d on an IBM c o m p u t e r code , 
Continuous S y s t e m Model ing P r o g r a m (CSMP).* F i g u r e I .C.12 shows the 
ca lcu la ted r e s u l t s along with the flow d e c a y tha t would be m e a s u r e d if t h e r e 
is a 1 .15-sec t i m e lag in flow m e a s u r e m e n t . 

TIIIE AFTER CESSATION OF PUMPING POWER,! 

Fig. I.C.12. Calculated Coastdown in Flow of EBR-II Primary 
Coolant after Cessation of All Pumping Power 

When the power is i n t e r r u p t e d f r o m the g e n e r a t o r output to 
the p u m p - m o t o r unit , as i l l u s t r a t e d h e r e , the flow d e c r e a s e s to 50% of the 
full flow in - 2 . 4 s e c . When the power input to the m o t o r of the MG se t i s 

rf'^ll^'f,° ^°""""°"^ ^y"^" Modeling Program, AppUcation Description, H20-0240-2, 3rd Ed., IBM 
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interrupted or when the clutch field current is cut off, however, the flow, 
as indicated by measurements of coastdown on EBR-II, decreases 50% in 
-8 -9 s e c * In this case, the generator continues to supply power to the 
pump-motor unit during the coastdown. 

(iii) Increased Radiation Exposure of the EBR-II Reactor Cover 
due to Neutron Streaming (L. B. Miller and R. E. Jarka) 

Some experimental subassemblies contain less stainless 
steel in the region above the core than EBR-II driver subassemblies. These 
experimental subassemblies provide a channel for neutrons to leak from the 
core region into the upper plenum, which is relatively t ransparent to neu
t rons . Neutronics analysis was performed to determine the increase in 
neutron flux at the reactor cover due to this neutron streaming through ex
perinnental subassemblies . 

The increase in the high-energy flux above an experimental 
subassembly containing only sodium above the core region was 6%. 

Figure I.C.13 shows the mathematical model of the EBR-II 
core and reflector used in the analysis. The four cases sho^vn in Table I.C.6 

were considered. 

m.i tm -

117.Scm -

] | T 
COVER-HHERMAl SHIEtD 

30,1 cm -

17.3 cm -

Fig. I.C.13. Mathematical Model of EBR-II 
for Determining Increase of 
Radiation Exposure of Reactor 
Cover due to Neutron Streaming 

C a s e A r e p r e s e n t s the E B R - I I 
r e a c t o r wi th the s t a i n l e s s s t ee l ax ia l r e 
flector in Rows 2-6 and a fueled e x p e r i 
m e n t a l s u b a s s e m b l y con ta in ing 50% 
s t a i n l e s s s t ee l above the c o r e in Row 1. 
C a s e B r e p r e s e n t s the s a m e E B R - I I con-
f igura t idn excep t tha t a fueled e x p e r i 
m e n t a l s u b a s s e m b l y con ta in ing no s t a i n l e s s 
s t ee l above the c o r e r eg i o n h a s r e p l a c e d 
the exper innen ta l s u b a s s e m b l y of C a s e A. 
The p r e d i c t e d change in c r i t i c a l i t y i s 
Ak = -0 .0004 . The h i g h - e n e r g y flux 
(E > 3.68 MeV) inc ident on the c e n t e r of 
the thernna l sh ie ld and the r e a c t o r cove r 
i s i n c r e a s e d by a fac to r of 1.064. L o w e r -
e n e r g y f luxes change l e s s . The fluxes in 
Group 3 (1.35 < E < 2.23 MeV) and in 
Group 7 (0.183 < E < 0.302 MeV) n e a r the 
p e a k of the flux s p e c t r u m a r e i n c r e a s e d 
by a f ac to r of 1.028 at the r e a c t o r c o v e r . 
The l o w - e n e r g y flux (Group 22, 29 < E < 
101 eV) is i n c r e a s e d by only a fac to r 
of 1.007. 

*R. Wallin to D. Mohr, private communication (Aug 1970). 
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T A B L E I . e . 6 . P a r a m e t e r s Used with R e a c t o r Model for 
Ca lcu la t ing Effect of N e u t r o n S t r e a m i n g 

Regional Compos i t ion 
Size of 

Reg ions I and U kgff 

A 50% sodium, 50% sod ium, SS r e f l e c t o r 1 row 1.00000 
50% SS 50% SS 

B 100% sodium 50% sod ium. SS r e f l e c t o r 1 r o w 0 .99963 
50% SS 

C 50% sodium, 50% sod ium, Dep le t ed -U b lanket 1 row 0.99529 
50% SS 50% SS 

D 50% sodium, 50% sodium, SS r e f l e c t o r 2 rows 0 .99995 
50% SS 50% SS 

Case C represents the same configuration as Case A, 
except that the stainless steel reflector is replaced by a depleted-uranium 
blanket. This configuration causes much more severe i rradiat ion of the 
reactor cover than Cases A and B. The high-energy flux (Group 1) is 
2.6 times as high at the reactor cover in Case C as in Case A. The lower-
energy fluxes, however, are smaller with the uranium blanket. The Group-7 
flux is reduced by a factor of 0.69, and the Group-22 flux by a factor of 0.23. 

Case D represents the same configuration as Case A, 
except that seven fueled experimental subassemblies containing 50% stain
less steel above the core region are inserted in the center of the reactor . 
In this case, the high-energy flux (Group 1) is increased by a factor of 
1.46 relative to Case A. The Group-7 flux is increased by a factor of 
1.0064, and the Group-22 flux by a factor of 1.0026. 

Figure I.C.14 shows, for Cases A-C, the distribution of 
high-energy (E > 3.68 MeV) flux as a function of radius in the plane of the 
top of the subassemblies. The higher flux in the configuration with the 
depleted-uranium axial blanket (Case C) is evident in the figure. Small 
distortions of the curves are also evident. The problems were converged 
until, for every point r, the flux at iteration n satisfied 

0"(^) - 0"" ( r ) ^ 10-4 
0"(r) 

The small distortions, therefore, are ascribed to S4 ray effects. 

The analysis was made with the DOT-380 t ranspor t - theory 
code. The mesh-point density was increased in the regions of in teres t and 
reduced to a minimum elsewhere. Fourteen mesh points were used in the 
radial direction, and 19 in the axial direction 

The 22-group cross-sect ion set 238 was used. This set 
was prepared by averaging point cross section data for the spectra of the 
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EBR-II core, blanket, and stainless steel reflector. This cross-sect ion set 
and its reduced-group counterpart, 23806, yielded results in good agreement 
with measured control-rod worths and ^̂ ^U fission rates in cores blanketed 
with depleted uranium and cores reflected with stainless steel. These sets, 
however, do not yield reliable results for a nickel-reflected core, because 
they do not contain appropriately averaged cross sections for a nickel r e 
flector region. Fission ra tes for ^̂ *U predicted with this set agree rea
sonably well with measurements in the core region, but diverge rapidly 
from the measured ^^'u fission rates in the blanket region. (A discrepancy 
of the same magnitude is found in the E N D F / B cross sections.) The six-
group set 23806 was not used for this work, because not enough confidence 
has yet been justified in the use of this set in regions far from the core 
boundaries. 

;- ioi» 

2x10' 
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— ^ y y " ^ ^ ^^ 
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Fig. I.C.14. Group-1 Neutron Flux along Lower Edge of Upper Plenum 

b . I m p r o v e d E x p e r i m e n t a l - i r r a d i a t i o n Capab i l i ty 

L a s t R e p o r t e d : A N L - 7 7 4 2 , pp . 69 -74 (Sept 1970). 

(i) C o m p a r i s o n of B u r n u p s of °B and F u e l in the E B R - I I 
H i g h - w o r t h Con t ro l Rod (B. R. Sehgal) 

C a l c u l a t i o n s (unpubl i shed) have been m a d e by R. K. L o to 
d e t e r m i n e a l l owab le b u r n u p s of '°B a t o m s in the n a t u r a l , 5 0 % - e n r i c h e d 
(in ' " B ) , and 9 0 % - e n r i c h e d B4C of the h i g h - w o r t h con t ro l r od . T h o s e c a l 
c u l a t i o n s w e r e b a s e d on an a l l owab le hoop s t r e s s of 9400 p s i in the g a s - p l e n u m 
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t u b e a n d a r e l e a s e of 100% a n d of 3 0 % of * H e f r o m t h e ' ° B ( n , a ) r e a c t i o n . 

F o r 30% g a s r e l e a s e , t h e a l l o w a b l e b u r n u p s of ' " B a r e 9 . 8 3 , 3 . 8 7 , a n d 

2 14 a t . %, r e s p e c t i v e l y , f o r t h e n a t u r a l , 5 0 % - e n r i c h e d , a n d 9 0 % - e n r i c h e d 

B4C. 

A d d i t i o n a l c a l c u l a t i o n s h a v e b e e n m a d e b y t h i s a u t h o r t o 

d e t e r m i n e t h e b u r n u p of ' " B in B4C w h e n t h e b u r n u p of t h e f u e l i n t h e r o d 

r e a c h e s 1.5 a t . %. T h e r e s u l t s a r e r e p o r t e d h e r e . 

F r o m t h e c a l c u l a t i o n s r e p o r t e d f o r t h e h i g h - w o r t h c o n t r o l 

r o d in t h e P r o g r e s s R e p o r t f o r A u g u s t 1 9 7 0 ( A N L - 7 7 3 7 , p p . 8 2 - 8 7 ) a n d t h e 

p r o c e d u r e of n o r m a l i z a t i o n d e t a i l e d i n t h e P r o g r e s s R e p o r t f o r M a r c h 1 9 7 0 

( A N L - 7 6 7 9 , p p . 5 3 - 5 8 ) , i t w a s f o u n d t h a t , a t t h e 6 2 . 5 - M W t p o w e r l e v e l , t h e 

fuel in t h e r o d w h e n i t i s in c o n t r o l - r o d p o s i t i o n 5 ( c o r e p o s i t i o n 5 F 1 ) 

a c h i e v e s a p e a k b u r n u p of 1.5 a t . % ( n e a r t h e c o r e m i d p l a n e ) i n - 1 0 5 d a y s 

of f u l l - p o w e r o p e r a t i o n ( i . e . , - 6 5 6 2 M W d ) . ( T h e f u e l b u r n u p i s d e f i n e d o n 

t h e b a s i s of t h e f i s s i o n - r e a c t i o n r a t e of a l l t h e f i s s i o n a b l e e l e m e n t s - - U , 

" * U , and " ' P u - - i n t h e f u e l . ) 

T h e t o t a l r e a c t i o n r a t e of °B in B4C i s h i g h e s t w h e n t h e 

B4C s e c t i o n of t h e r o d i s i n s e r t e d i n t o t h e c o r e i n t h e f u l l y d o w n p o s i t i o n 

of t h e r o d . T h e p e a k r e a c t i o n r a t e o c c u r s n e a r t h e t o p e n d of t h e B4C s e c 

t i o n . T h e a x i a l p e a k / a v e r a g e r a t e r a t i o i s - 1 . 1 3 . 

If w e a s s u m e t h a t t h e flux a n d t h e B a v e r a g e c a p t u r e 

c r o s s s e c t i o n do n o t c h a n g e in g o i n g f r o m n a t u r a l B4C t o 9 0 % - e n r i c h e d B 4 C , 

t h e p e a k B r e a c t i o n r a t e a t t h e 6 2 . 5 - M W t p o w e r l e v e l w i l l g i v e a ° B b u r n u p 

of 1 a t . % i n - 5 1 . 5 d a y s of f u l l - p o w e r o p e r a t i o n . T h u s , in 1 0 5 d a y s of f u l l -

p o w e r o p e r a t i o n (6562 M W d ) w h e n t h e f u e l i n t h e r o d r e a c h e s a b u r n u p of 

1.5 a t . %, t h e b u r n u p of t h e ' ° B in B4C w i l l b e - 2 . 0 4 a t . %. T h i s v a l u e i s 

c l o s e to t h e a l l o w a b l e b u r n u p of 2 . 1 4 a t . % f o r t h e 9 0 % - e n r i c h e d B 4 C , b u t i s 

m u c h s m a l l e r t h a n t h e a l l o w a b l e b u r n u p of 9 . 8 3 a t . % f o r t h e n a t u r a l B 4 C . 

( i i ) D O T X Y , S4 C a l c u l a t i o n s f o r a n E B R - I I C o r e w i t h D e p l e t e d -

u r a n i u m , S t a i n l e s s S t e e l , a n d N i c k e l R e f l e c t o r s 

( B . R . S e h g a l a n d R . H . R e m p e r t ) 

D O T XY c a l c u l a t i o n s * i n t h e S4 a p p r o x i m a t i o n h a v e b e e n 

c o m p l e t e d for t h e E B R - I I c o r e fo r e x t e n d e d o p e r a t i o n a t 6 2 . 5 M W t ( s e e 

F i g . I . C . 1 5 ) r e f l e c t e d w i t h d e p l e t e d u r a n i u m , w i t h f o u r r o w s of s t a i n l e s s 

s t e e l , and w i t h f o u r r o w s of n i c k e l . R e p o r t e d h e r e a r e t h e c a l c u l a t e d p o w e r s 

g e n e r a t e d by i n d i v i d u a l s u b a s s e m b l i e s . T h e c a l c u l a t i o n s w e r e m a d e w i t h t h e 

2 6 - g r o u p , B E N D F c r o s s - s e c t i o n s e t , w h i c h i s d e r i v e d f r o m t h e E N D F / B 

C a t e g o r y - 1 d a t a a v e r a g e d w i t h t h e MC^. c o d e * * o v e r t h e s p e c t r a i n t h e v a r i o u s 

. R. Mynatt, DOT, A Two-dimensional Discrete-ordinate Code, Report K-1694, Radiation Shielding Informa-
^ tion Center, Oak Ridge National Laboratory. Also see Progress Report for October 1968, ANL-7513, p. SO. 

. I. Toppel, A. L. Rago, and D. M. O'Shea, MC2, A Code to Calculate Multigroup Cross Sections, 
ANL-7318 (June 196T). ^ 
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c o m p o s i t i o n r e g i o n s of the r e a c t o r . T a b l e I .C.7 l i s t s the a t o m d e n s i t i e s for 
e a c h e l e m e n t tha t w e r e u s e d for the d e p l e t e d - u r a n i u m , s t a i n l e s s s t e e l , and 
n i cke l r e f l e c t o r s . 

OEPLHED U UN I UN 
UNTROL ROD 
DRIVER FUEL 
1/2 DRKER FUEL~l/2 5HIHLES 
SiFEn ROD 
STIIMLESS STEEL CONTROL ROO 
EIPERIMEHTAL SUBASSEMBLY 

Fig. I.C.15. Typical Core Loading for Extended Operation of EBR-II 
at 62.5 MWt. ANL Neg. No. ID-103-L5455 Rev. 2. 

T A B L E I . e . 7 . A tom D e n s i t i e s , in a t o m s / ( b ) ( c m ) , of 
R e f l e c t o r C o m p o s i t i o n s for C o r e Shown in F i g . I .C,15 

I so tope 

235u 

"»u 
" ' P u 
F e 
C r 
N i 
Na 

Deple ted U 

0.00006042 
0.028156 
0.0000206 
0.0105924 
0.00296894 
0.00145027 
0.00567874 

S t a i n l e s s Steel 

. 
-
-

0.0485322 
0.0138683 
0.0061446 
0.0043224 

Nicke l 

_ 
-

0.0049455 
0.0011389 
0.0703897 
0.0031553 

It was shown in the P r o g r e s s R e p o r t for M a r c h 1970 
( A N L - 7 6 7 9 , pp . 53-58) tha t p o w e r g e n e r a t e d in individual s u b a s s e m b l i e s 
a t the 6 2 . 5 - M W t p o w e r l eve l of the r e a c t o r can be c a l c u l a t e d f r o m the 
f i s s i on r a t e s of ^^^u^ ^-'^u^ and ^^'Pu in a s u b a s s e m b l y and n o r m a l i z a t i o n 
f a c t o r s for e a c h r e a c t o r row. T h i s p r o c e d u r e was u s e d in the c a l c u l a t i o n s 
r e p o r t e d h e r e . 

The c a l c u l a t e d p o w e r s p r o d u c e d p e r effect ive d r i v e r at 
a v e r a g e c o r e p o s i t i o n s for the d e p l e t e d - u r a n i u m r e f l e c t o r a r e shown in 
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Table I.C.8. Two sets of values a re given: (1) normalized to a total reactor 
power of 62.5 MWt and (2) normalized to a power of 62.5 x 0.86 = 53.75 MWt, 
which is the power produced by the fission fragments and /3 rays generated 
in the fission process . To the second set of values must be added the 7-heat 
power produced in the subassembly, which is obtained from a DOT XY 
•y-transport run normalized to a reactor -y-heat power of 0.14 x 62.5 = 
8.75 MWt. An effective driver is defined on a physical basis ; e.g., a dr iver 
with 46 fuel pins is 46/91 (= 0.5055) effective. 

TABLE I .C.8. 

Average Core 
Location 

lAl 
2N1 
3N1 
3N2 
4N1 
4N2 
4N3 
5N1 
5N2 
5N3 
5N4 
6N1 
6N2 
6N4 
6N5 

P o w e r s G e n e r a 

N u m b e r of 
Effective 
D r i v e r s 

1 
3.50 5 
4.3 52 
6 
6 
4.50 5 
5.50 5 
3.352 
4.50 5 
4.022 
6 
3 
2 
3.505 
5.011 

ed p e r Effec t ive 

P o w e r with 
Ref lec to 

N o r m a l i z e d to 
62.5 MWt 

0.97857 
0.95244 
0.90679 
0.92842 
0.81525 
0.85627 
0.84919 
0.68301 
0.73260 
0.73896 
0.73193 
0.54112 
0.58559 
0.631669 
0.59391 

D r i v e r at A v e r a g e 

D e p l e t e d - U 
r , MWt 

N o r m a l i z e d to 
53.75 MWt 

0.84157 
0.82770 
0.77984 
0.79844 
0.70112 
0.73811 
0.73030 
0.58 740 
0 .63004 
0.63550 
0.62950 
0.46 540 
0.50361 
0.54323 
0.51076 

L o c a t i o n s in C 

Ra t io 

S S / D e p l e t e d U 

1.07338 
1.07051 
1.07127 
1.07055 
1.06697 
1.06271 
1.06550 
1.06390 
1.06062 
1.05894 
1.05891 
1.09214 
1.04434 
1.06347 
1.06930 

o r e of F i g . I .C .15 

of P o w e r s 

N i / D e p l e t e d U 

1.03580 
1.03510 
1.04132 
1.03870 
1.04820 
1.04067 
1.04270 
1.06479 
1.05069 
1.05025 
1.05104 
1.14445 
1.09185 
1.08645 
1.10160 

The ratios of powers generated per effective dr iver at 
average core positions for the stainless steel reflector and the nickel r e 
flector to those generated for the depleted-uranium reflector a re also 
shown in Table I.C.8. The ratios for the stainless steel reflector range 
from -1.04 to -1.09 and do not vary much over the core. The rat ios for the 
nickel reflector range from -1.04 to -1.14 and increase toward the outer 
rows of the core. 

Table I.C.9 shows the powers generated by the fueled ex
perimental subassemblies in Rows 6 and 7 for the depleted-uranium blanket. 
Again two sets of values are shown--one normalized to a power of 62 5 MWt 
the other to 53.75 MWt--and the 7-heat powers produced in the subassem
blies must be added to the last set. The ratios of powers produced for the 
stainless steel reflector and the nickel reflector to those for the depleted-
uranium blanket are also shown in Table I.C.9. Except for a few sub
assemblies in Row 7, these ratios for the stainless steel reflector a re 
generally less than 1.10. Many of the power ratios for the nickel reflector 
are larger than 1.10, and in Row 7, they range from 1.14 to 1.45 
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TABLE I.C.9. P o w e r s G e n e r a t e d in Fue led E x p e r i m e n t a l S u b a s s e m b l i e s in C o r e of F ig . I .C ,15 

Subas s e m b l y 
Des igna t ion 

X0 59 
X051 
X040 
X012 
X027 
X0 56 
X064 
P N L - 8 
X043 

NUMEC 4 
X0 33 
X0 54 
X0 53 
X069 

NUMEC 5 
X0 20 
X060 
X062 
X042 
P N L - 6 
X0 58 
X065 
X055 

P o s i t i o n 

6A2 
6A3 
6B1 
6B3 
6B4 
6C1 
6C3 
6D2 
6D3 
6D4 
6E1 
6E2 
6E3 
6F2 
6F3 
7B5 
7C3 
7D3 
7D5 
7E3 
7F1 
7F4 
7F5 

P o w e r with 
Reflectc 

N o r m a l i z e d to 
62.5 MWt 

0.22951 
0.32288 
0.49315 
0.25098 
0.21287 
0.43538 
0.25377 
0.49664 
0.53240 
0.77352 
0.33779 
0.46699 
0.31355 
0.52673 
0.82846 
0.15366 
0.49 315 
0.41393 
0.06270 
0.39561 
0.32881 
0.47004 
0.45609 

Deple ted-U 
• r , MWt 

N o r m a l i z e d to 
53.75 MWt 

0.28338 
0.27768 
0.42411 
0.21584 
0.18307 
0.37443 
0.21824 
0 .427U 
0.45786 
0.66523 
0.29050 
0.40 161 
0.26965 
0.45300 
0.71248 
0.13215 
0.42411 
0.35598 
0.05392 
0.34022 
0.28278 
0.40423 
0.39224 

Rat io o 

SS /Dep le t ed U 

1.08610 
1.0782 
1.0873 
1.0577 
1.0472 
1.0377 
1.0315 
1.0513 
1.0500 
1.0579 
1.1084 
1.0804 
1.0792 
1.0782 
1.0716 
1.1338 
1.0677 
1.1010 
1.1446 
1.1431 
1.1716 
1.1042 
1.1091 

f P o w e r s 

N i / D e p l e t e d U 

1.1206 
1.1152 
1,1717 
1.1503 
1.1226 
1.0861 
1.0616 
1.0752 
1.0652 
1.0747 
1.1939 
1.1066 
1.1047 
1.1085 
1.0787 
1.4521 
1.1787 
1.2162 
1.1433 
1.2725 
1.3496 
1.1836 
1.1887 

The values of the power ratio in Row 7 for both the stain
less steel and nickel reflectors are averages of the values obtained using 
the group cross sections for U, U, and Pu weighted with the core 
spectrum and the reflector spectrum. 

« 
It is seen from Table I.C.9 that, with the stainless steel 

reflector, most of the fueled experimental subassemblies may be accommo
dated without reconstitution. Subassemblies X020, X042, PNL-6, and X058, 
which have power ratios of -1.14 to -1.17, could be moved into different 
locations. 

With four rows of nickel reflector, it is perhaps not possible 
to use Rows 7 and 8 for irradiating currently constituted fueled experi
mental subassemblies . 

(iii) DOT XY, S; Calculations for Two EBR-II Cores with 
Stainless Steel Reflectors (B. R. Sehgal and R. H. Rempert) 

Reported here are the results of DOT XY calculations for 
two EBR-II cores : Core l - - the core for extended operation of EBR-II at 
62.5 MWt (shown in Fig. I.C.15); and Core 2--a version (see Fig. I.C.16) of 
Core 1 that has been modified by substituting partial-fuel subassemblies 
for some driver subassemblies in Rows 3 and 4 to obtain a kg££ close to 1.0. 
Both cores were assumed to be reflected by stainless steel in Rows 7 to 10 
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and d e p l e t e d u r a n i u m i n R o w s 11 t o 1 6 . T h e D O T c a l c u l a t i o n s w e r e m a d e 

in t h e Sj a p p r o x i m a t i o n . T h e c r o s s - s e c t i o n s e t u s e d w a s t h e 2 6 - g r o u p 

s e t B E N D F , w h i c h w a s d e r i v e d f r o m t h e E N D F / B , C a t e g o r y - 1 d a t a t h r o u g h 

t h e MC^ c o d e , u s i n g p r o p e r a v e r a g i n g f o r t h e v a r i o u s r e g i o n a l c o m p o s i t i o n s 

of t h e r e a c t o r . 

Fig. I.C.16 

Modified Version of Core for 
Extended Operation of EBR-II 
at 62.5 MWt. ANL Neg. 
No. ID-103-L5455 Rev. 3. 

T h e v a l u e s of kgff o b t a i n e d f o r C o r e s 1 a n d 2 w e r e 1 . 0 5 5 9 5 

a n d 1 .00766 , r e s p e c t i v e l y . T a b l e I . C . I O l i s t s t h e p o w e r s g e n e r a t e d b y a n 

e f f e c t i v e d r i v e r a t a v e r a g e s u b a s s e m b l y p o s i t i o n s in C o r e s 1 a n d 2 , b a s e d 

on a t o t a l p o w e r of 6 2 . 5 M W t g e n e r a t e d i n t h e r e a c t o r . T a b l e I . C . l l l i s t s 

TABLE I.C.IO. P o w e r s Genera ted by an Effective D r i v e r at 
Average Pos i t ions in C o r e s 1 and 2^ 

Average 
Posi t ion of 

Subassembly 

lAl 
2N1 
3N1 
3N2 
4N1 
4N2 
4N3 
5N1 
5N2 
5N3 
5N4 
6N1 
6N2 
6N4 
6N5 

Total number of 
effective d r i v e r s 

Numb 
Effective 

Core 1 

1 
3.50 5 
4.352 
6 
6 
4.505 
5.505 
3.352 
4.50 5 
4.022 
6 
3 
2 
3.50 5 
5.011 

62.26 

Br of 
D r i v e r s 

Core 2 

1 
3.0 
3.363 
6 
6 
3.033 
3.033 
3.352 
4.50 5 
4.022 
6 
3 
2 
3.50 5 
5.011 

56.82 

P o w e r / E f f e c t i v e 
D r i v e r , MWt 

Core 1 

1.0416 
1.0193 
0.9606 
0.9739 
0.8624 
0.9121 
0.9016 
0.7239 
0.7629 
0.8107 
0.7976 
0.5923 
0.6373 
0.6785 
0.6442 

C o r e 2 

1.0933 
1.0759 
1.003 
1.0325 
0.9310 
0.9389 
0.9463 
0.8037 
0.8451 
0.8851 
0.8384 
0.6634 
0.6783 
0.7189 
0.7241 

Ra t io of P o w e r s , 
C o r e 2 / C o r e 1 

1.0496 
1.0556 
1.0441 
1.0601 
1.0795 
1.0294 
1.0496 
1.1102 
1.1077 
1.0917 
1.0511 
1.1202 
1.0644 
1.0 59 5 
1.1239 

Based on total power of 62, 5 MWt. 
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T A B L E I . C . l l . P o w e r s G e n e r a t e d in F u e l e d 
E x p e r i m e n t a l S u b a s s e m b l i e s in C o r e s 1 and 2 

S u b a s s e m b l y 
D e s i g n a t i o n 

X0 59 
X0 51 
X040 
X012 
X027 
X0 56 
P N L - 8 
X043 

N U M E C 4 
X033 
X0 54 
X0 53 
X069 

N U M E C 5 
X0 20 
X060 
X062 
X042 
P N L - 6 
X0 58 
X06 5 
X055 

P o s i t i o n 

6A2 
6A3 
6BI 
6B3 
6B4 
6C1 
6D2 
6D3 
6D4 
6E1 
6E2 
6E3 
6F2 
6F3 
7B5 
7C3 
7D3 
7D5 
7E3 
7F1 
7 F 4 
7F5 

P o w e r Gener 

C o r e 1 

0.3539 
0.3418 
0 .5384 
0.3739 
0.6002 
0.4806 
0 .5204 
0.5532 
0 .8043 
0.3631 
0 .5004 
0.3318 
0.5536 
0.8671 
0 .2508 
0.5001 
0 .4548 
0.0696 
0.4556 
0.3942 
0.5089 
0 .5015 

•ated, MWt 

C o r e 2 

0 .3884 
0 .3704 
0.5730 
0.3956 
0 .6335 
0 .5154 
0 .5836 
0.6541 
0.9187 
0 .4295 
0.5899 
0 .3915 
0 .6428 
0 .9968 
0 .2694 
0.5431 
0 .5144 
0.0801 
0.540 5 
0 .4658 
0.5820 
0 .5724 

R a t i o of P o w e r s , 
C o r e 2 / C o r e 1 

1.0976 
1.0836 
1.0643 
1.0580 
1.0555 
1.0723 
1.1214 
1.1823 
1.1422 
1.1829 
1.1797 
1.1798 
1.1612 
1.1496 
1.0742 
1.0859 
1.1312 
1.1504 
1.1864 
1.1817 
1.1436 
1.1414 

the powers generated by the fueled experimental subassemblies in Rows 6 
and 7 of Cores 1 and 2. The two tables also show the ratios of subassembly 
powers generated in Core 2 to those generated in Core 1. 

The ratios of powers generated per effective dr iver in 
Core 2 to those in Core 1 vary from ~ 1.03 t« -1.12, the la rger values being 
in Rows 5 and 6. This proportionately larger increase in the power gen
erated by the outer rows of the core when fuel is removed from the middle 
rows of the core is due to the fact that the neutrons entering the outer rows 
are relatively soft. If the removal of the fuel is distributed uniformly over 
the core (e.g., by decreasing the volume fraction of fuel in the driver and 
experimental subassemblies), the ratio of power densities in Core 2 to 
those in Core 1 should be 

Power density in Core 2 
Power density in Core 1 

rZr}jM^Core 1 

^TljMj^Core 2 

where T)- = (vSr/Sa)- = the average number of neutrons generated per 
absorption in isotope j over the core, and Mj is the mass of isotope j . 
Calculations using the masses of ^"U, ^^*U, and ^^'Pu in Cores 1 and 2 and 



the values of T); f rom the output of a run of a MACH code* show the r a t i o 
of power dens i ty in C o r e 2 to that in C o r e 1 is - 1 . 0 8 . 

The r a t i o s of p o w e r g e n e r a t e d by the fueled e x p e r i m e n t a l 
s u b a s s e m b l i e s in C o r e 2 to t h o s e in C o r e 1 r a n g e f r o m - 1 . 0 6 to - 1 . 1 9 and 
depend upon the contents of a s u b a s s e m b l y as wel l a s the p o s i t i o n of t he 
subas sembly r e l a t i ve to the p a r t i a l - f u e l s u b a s s e m b l i e s in Row 4. 

7. Metal D r i v e r Fue l D e v e l o p m e n t and App l i ca t i on (C. M. W a l t e r ) 
(189a 02-145) 

a. M a r k - I A Fue l (A. K. C h a k r a b o r t y and G. C. M c C l e l l a n ) 

L a s t Repo r t ed : A N L - 7 7 4 2 , p . 75 (Sept 1970). 

(i) P o s t i r r a d i a t i o n E x a m i n a t i o n of V e n d o r - p r o d u c e d , I m p a c t -
bonded Fue l . The vendor cen t r i fuga l ly bonded U - 5 wt % F s d r i v e r - f u e l 
e lements at 480-500°C for a t i m e suff ic ient to t r a n s f o r m the r e t a i n e d 
7-phase in the fuel a l loy to the e q u i l i b r i u m a n i s o t r o p i c p h a s e s . S t r e s s e s 
imposed dur ing th is t r a n s f o r m a t i o n p r o d u c e d u n d e s i r a b l e t e x t u r e s in the 
p ins , which caused d imens iona l i n s t ab i l i t y and s h o r t e n i n g of the p i n s d u r i n g 
i r r ad i a t ion . T h e s e cen t r i fuga l ly bonded fuel p in s s h o r t e n e d in t he a x i a l 
d i rec t ion and grew r a d i a l l y in the lower ( spade) r e g i o n s of t he e l e m e n t s . 
The radia l growth of the p ins i s roughly p r o p o r t i o n a l to the app l i ed s t r e s s 
resul t ing from the bonding o p e r a t i o n . 

An a l t e r n a t i v e to cen t r i fuga l bonding is i m p a c t bonding , 
which is used by ANL for p r o d u c i n g t h e i r d r i v e r - f u e l e l e m e n t s . 

Eight s u b a s s e m b l i e s con ta in ing d r i v e r - f u e l e l e m e n t s c a s t 
by the vendor and impac t -bonded by ANL w e r e a s s e m b l e d a s p a r t of a 
qualification p r o g r a m intended to ve r i fy s a t i s f a c t o r y i r r a d i a t i o n p e r f o r m 
ance of these e l emen t s at 50-MWt r e a c t o r o p e r a t i o n in E B R - I I . T h e s e 
(qualification) s u b a s s e m b l i e s w e r e i r r a d i a t e d in t he b u r n u p r a n g e of 0 . 8 5 -
1.79 at . %. One of t hem was a con t roUed- f l ow s u b a s s e m b l y (C-2267) , which 
' " - - - - r ad ia t ed under condi t ions s i m u l a t i n g 62 .5 -MWt o p e r a t i o n . was i n 

Table I .C.12 s u m m a r i z e s the d a t a for fuel swe l l i ng and 
d i ame te r i n c r e a s e of the e l e m e n t s in the e ight s u b a s s e m b l i e s . P o s t i r r a d i a 
tion eddy -cu r r en t tes t ing of the bond of t he e l e m e n t s r e v e a l e d tha t none of 
the fuel pins shor tened ax ia l ly . 

F i g u r e I .C.17 c o m p a r e s the fuel swe l l ing of i m p a c t - b o n d e d 
vendor fuel with that of A N L - p r o d u c e d fuel a s a funct ion of b u r n u p . Swel l ing 
ot the vendor fuel in the qual i f ica t ion s u b a s s e m b l i e s i s s i m i l a r to tha t of 

:̂  • — 
ANL-7ffi3"(Jun;''l966 ' ^ ' " " ' ' ' " " " ' '^' P'^*^^"' '^^^H 1, A One-dimensional Diffusion-theory Package, 



ANL-produced fuel having similar silicon content and comparable burnup. 
Also, swelling of vendor fuel in controUed-flow subassembly C-2267 is 
s imilar to that of ANL-produced fuel in controUed-flow subassemblies 
following similar burnup. 

TABtE I.C.12. Postirradiation-examination Data for the Eight Subassemblies 
in Program for Qualifying Impact-bondei) Vendor Fuel 

Subassembly 
Number 

C-2261 

C-2260 

C-2263 

C-2264 

C-2265 

C-2259 

C-2266 

C-2267'' 

Maximum 
Burnup, 

at. % 

0.85 

1.50 

1.69 

1.70 

1.73 

1.73 

1.79 

1.79 

Number 
of Elements 
Examined for 

Fuel Swellinga 

30 

30 

29 

29 

31 

31 

29 

85 

Average Volume 
Swelling of 

Fuel, % 

3.0 

6.2 

9.3 

9.8 

9.5 

8.3 

12.1 

16.5 

Range of 
Volume Swelling 

of Fuel, % 

2.2-3.8 

4.6-9.5 

5.2-13.4 

5.6-14.1 

5.2-13.7 

4.6-12.1 

6.8-15.9 

13.7-18.3 

Number of 
Elements 
Diameter 
Surveyed 

-
12 

6 

10 

12 

12 

10 

9 

Range of 
AD/D of 

Elements, % 

-
0.19-0.34 

0.37-O56 

0.23-0.45 

0.25-O51 

0.16-0.48 

0.37-0.53 

0.42-0.76 

3No axial shortening ot fuel was observed in any element. 
bControlled-flow subassembly. 

- I — I — I — I — I — I — \ — I — \ — I I I I I r 

O SUBASSEMBLIES CONTAINING IMPACT-BONDED VENDOR FUEL ( > ™ ppm Si) 

D CONTROLL ED-FLOW SUBASSEMBLY CONTAINING IMPACT-BONDED VENDOR FUEL (>?0D ppm Si) 

W> " 

ANL FUEL IN CONTROLL ED-FLOW 
SUBASSEMBLIES 

ANL FUEL (<200 ppm Si) 

•-r 
l.« 1.6 
PEAR BURNUP, a l % 

Fig. I.C.17. Swelling of Impact-bonded Vendor Fuel with Burnup 

F i g u r e s I .C.18 and I .C.19 show the change in d i a m e t e r of 
c ladd ing of i m p a c t - b o n d e d vendor e l e m e n t s a s a function of b u r n u p . In bo th 
f i g u r e s , the so l id l i n e s r e p r e s e n t the f l u e n c e - d e p e n d e n t swe l l ing of s t a i n l e s s 
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Fig. I.C.18. Diameter Change of Cladding of Impact-bonded Vendor Fuel with Burnup 
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• IMPACT-BONDED VENDOR FUEL IN CONTROLLED-FLOW SUBASSEMBLY C-Z267S 
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steel as calculated using the PNL-Westinghouse equation with uncorrected 
EBR-II fluxes and fluence, and the broken lines are the upper 95% confidence 
l imits for the calculated swelling. The A D / D values for impact-bonded 
vendor fuel elements (Fig. I.C.18) are somewhat higher than those measured 
for impact-bonded ANL-produced elements. This observation also holds 
t rue for the controlled-flow elements (Fig. I.C.19). Reasons for these ob
served differences are being sought. 

b. Surveillance Support (J. P. Bacca, N. R. Grant, 
A. K. Chakraborty, and G. C. McClellan) 

Last Reported: ANL-7742, p. 80 (Sept 1970). 

Summarized below is the postirradiation surveillance performed 
on four subassemblies irradiated under various programs of this task. 

Surveillance Performed 

Element-diameter surveys; gamma 
scan; neutron radiography-
Diameter measurements with 
DR-25 optical gauge 

Fuel-volume and diameter 
measurements 

Fuel-volunne and dianneter 
measurements 

Ten driver subassemblies were assembled with vendor-
produced fuel elements that had been heat-treated (see Sect. I .D.l .a) . These 
subassemblies are intended to qualify the h^at-treated Mark-IA driver fuel 
for use in 62.5-MWt operation of EBR-II. Three of the subassemblies 
began their irradiation at the start of EBR-II Run 46. 

8. Operation with Failed Fuel (189a 02-148) 

a. Experiments in EBR-II 

(i) Irradiation of Oxide Fuel to Cladding Fai lure 
(J. F . Koenig) 

Not previously reported. 

A ser ies of tests is planned in which unencapsulated mixed-
oxide fuel elements will be irradiated to cladding failure in EBR-II. The 
p r imary objective of the tests is determination of the response of the various 
fission-product-monitoring systems to an actual failure of the cladding of 
such an element. Secondary objectives include: a better definition of how 
cladding fails; location of the failure along the element; determination of 

Subassembly 
Number 

A-897 

C-2265 

C-2267S 

C-2282 

Program 

Study of depleted-
uranium blanket 
Impact-bonded 
vendor fuel 

Impact-bonded vendor 
fuel (controlled flow) 

Heat-treated vendor 
fuel 

Maximum 
Burnup, at. % 

0.34 

1.73 

1.79 

1.76 
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whether or not p r o p a g a t i o n effects ex i s t ; and a p r a c t i c a l eva lua t i on of p o s 
sible p r o b l e m s a s s o c i a t e d wi th p o s t f a i l u r e fue l -hand l ing p r o c e d u r e s . 

The f i r s t s u b a s s e m b l y . T e s t A, wil l con ta in an e l e m e n t wi th 
a contr ived cladding defec t p r o g r a m m e d to open 100-200 h r a f t e r i m m e r s i o n 
in the bulk sod ium. The s u b a s s e m b l y for T e s t B wi l l con ta in an e l e m e n t 
with a peak burnup of 11 at . % and will be i r r a d i a t e d un t i l the c ladd ing u l t i 
mate ly fa i ls . In T e s t C, a c l u s t e r of s e v e n m i x e d - o x i d e e l e m e n t s hav ing a 
peak burnup of 6 at. % will be i r r a d i a t e d unt i l the c ladd ing of one of the 
e lements fa i l s . T e s t D, now in the p lann ing s t a g e , wil l be i r r a d i a t i o n of 
19 mixed-ox ide e l e m e n t s p r e v i o u s l y i r r a d i a t e d to b u r n u p s of the o r d e r of 
5-6 at. %, F u r t h e r de t a i l s on T e s t s A - C follow. 

(a) T e s t A, P r e d e f e c t e d E l e m e n t . The t e s t s p e c i m e n is 
a prototypal m ixed -ox ide e l e m e n t wi th a 0 . 0 0 5 - i n . - d i a ho le d r i l l e d t h r o u g h 
the cladding about 1/2 in. above the bo t t om of the fuel c o l u m n . (The t e s t 
spec imen and env i ronmen ta l e l e m e n t s w e r e suppl ied by WADCO at the 
HEDL s i te . All deve lopmen ta l and t e s t i n g w o r k on the t e s t s p e c i m e n w a s 
also pe r fo rmed by WADCO p e r s o n n e l . ) The hole was f i l led wi th s i l v e r 
solder , and the su r face of the defect was c o v e r e d wi th a thin l a y e r of n i c k e l . 
Tes t s conducted unde r s i m u l a t e d e n v i r o n m e n t a l cond i t ions i nd i ca t ed tha t the 
defect should open af ter a m i n i m u m e x p o s u r e of 100 h r . The e l e m e n t wil l be 
i r r ad ia t ed in Subassembly X085, a M a r k - E 3 7 A i r r a d i a t i o n s u b a s s e m b l y , at 
the center of two rows of e n v i r o n m e n t a l e l e m e n t s . The o u t e r row of the s u b 
as sembly will be solid s t a i n l e s s s t ee l e l e m e n t s . E x c e p t for the de fec t in the 
tes t spec imen, all e l e m e n t s in the i nne r 1 9 - e l e m e n t c l u s t e r a r e i d e n t i c a l . 

The fuel is a m ixed oxide wi th a wt % c o m p o s i t i o n of 
75 UO2-25 PuOz. The cladding, m a d e of 20% c o l d - w o r k e d Type 316 s t a i n 
l e s s s tee l , is 0.230 in. in OD and h a s a 0 .015 - in . wa l l . The fuel h a s an 
85% s m e a r dens i ty and is s e p a r a t e d f r o m the c ladd ing by an in i t i a l gas 
annulus of 0.003 in. The r a t i o of the fuel vo lume to the g a s - p l e n u m vo lume 
is 1.1. 

for the tes t . 
Tab le I .C.13 s u m m a r i z e s the e n v i r o n m e n t a l cond i t ions 

TABLE I .C.13. Env i ronmen ta l Condit ions for T e s t A of P r o g r a m for 
I r r ad ia t ing Mixed-ox ide Fuel to Cladding F a i l u r e 

Reactor power , MWt £̂ 2 5 
Core posi t ion . ^ j . . 
Peak heat ra t ing, kW/ft 

Tes t spec imen j 2 1 
Hottest envi ronmenta l e l emen t 12 3 
Coldest envi ronmenta l e lement H 7 

Maximum coolant t e m p e r a t u r e , °F U Q Q 
T e m p e r a t u r e of mixed coolant at s u b a s s e m b l y outlet , °F 850 
Maximum fuel t empera tu re . ' ^ "F 

Tes t spec imen 4120 
Hottest envi ronmenta l e l emen t 4130 

Flow through subassembly , gpm 40 2 

^Based on a fuel /cladding gap conductance of 1000 Btu / (h r ) ( f t ' ) ( °F) . 
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(b) T e s t B, Single H i g h - b u r n u p E l e m e n t . The t e s t s p e c i 
m e n wil l be E l e m e n t D - 5 (NUMEC) f r o m i r r a d i a t i o n s u b a s s e m b l y X012A. 
T h e c a p s u l e con ta in ing D-5 w a s opened, and the e l e m e n t w a s r e m o v e d , 
i n s p e c t e d , and r e f i t t ed wi th a new end fi t t ing for a c c o m m o d a t i o n in the 
i r r a d i a t i o n s u b a s s e m b l y . The e l e m e n t , having a p e a k bu rnup of 11 at . %, 
wi l l be i r r a d i a t e d at the c e n t e r of S u b a s s e m b l y X084, a M a r k - E 1 9 E i r r a d i a 
t ion s u b a s s e m b l y c o m p l e t e l y fil led wi th f r e s h c o u n t e r p a r t oxide e l e m e n t s . 
The t e s t s p e c i m e n is fueled wi th an 80 UO2-2O PUO2 (wt %) na ix tu r e . The 
c l add ing , m a d e of Type 316L s t a i n l e s s s t e e l , i s 0.250 in. in OD and h a s a 
0 . 0 1 5 - i n . w a l l . The fuel h a s a s m e a r d e n s i t y of 88% and is s e p a r a t e d f r o m 
the c l add ing by an in i t i a l a n n u l a r gas gap of 0.0015 in. The r a t i o of t he fuel 
v o l u m e to the g a s - p l e n u m vo lume is 1.1. 

T a b l e I .C,14 s u m m a r i z e s the e n v i r o n m e n t a l cond i t i ons 
for T e s t B . F i g u r e I .C.20 shows p e r t i n e n t t e m p e r a t u r e p r o f i l e s of the t e s t 
s p e c i m e n for the o r i g i n a l i r r a d i a t i o n e n v i r o n m e n t and for the t e s t . The 
c a l c u l a t e d p e a k f luence for the t e s t s p e c i m e n is 8.5 x 10^^ nvt . Swel l ing da t a 
w e r e r e p o r t e d in the P r o g r e s s R e p o r t for J u l y 1970 (ANL-7726 , pp . 4 9 - 5 1 ) . 
M a x i m u m g rowth of the c ladd ing was 4 .5%. The P N L swe l l i ng equa t ion* 
i n d i c a t e s tha t 2% of the g rowth o r i g i n a t e d f r o m s t a i n l e s s s t e e l swe l l ing . 

The e n v i r o n m e n t a l e l e m e n t s , f a b r i c a t e d by WADCO, 
a r e fueled wi th m i x e d oxide of wt % c o m p o s i t i o n 75 UO2-25 PUO2. The c l a d 
ding of t h e s e e l e m e n t s , 20% c o l d - w o r k e d Type 316 s t a i n l e s s s t e e l , i s 0.25 in. 
in OD and h a s a 0 . 0 l 6 - i n . wa l l . The s m e a r dens i t y of the fuel i s 88%, and 
the in i t i a l gas annu lus is 0.003 in. wide . The r a t i o of the fuel vo lume to the 
g a s - p l e n u n a v o l u m e is 1.2. 

(c) T e s t C, Seven H i g h - b u r n u p E l e m e n t s . Seven e l e m e n t s 
p r e v i o u s l y i r r a d i a t e d in S u b a s s e m b l y X040A have been c h o s e n for t h i s t e s t . 
T h e s e u n e n c a p s u l a t e d e l e m e n t s , now having a p e a k bu rnup of 6 at . %, a r e 
m i x e d o x i d e s wi th wt % c o m p o s i t i o n 80 UO2-2O PUO2. The Type 304L s t a i n 
l e s s s t ee l c l add ing is 0.29 in. in OD and h a s a 0 .020- in . w a l l . T h e s m e a r 
d e n s i t y of the p e l l e t s i s 81%, the in i t i a l gas annulus is 0.002 in. w ide , and 
the fuel c o l u m n i s 11 in. long. The r a t i o of the fuel vo lume to the g a s -
p l e n u m v o l u m e i s 1.9. T h i s h i g h e r - t h a n - u s u a l r a t i o will r e s u l t in a h i g h e r 
p l e n u m p r e s s u r e for a given b u r n u p , which m a y p r o d u c e an e a r l i e r f a i l u r e . 
T h i s c o n s i d e r a t i o n was the m a i n f ac to r in choos ing t h e s e e l e m e n t s for the 
f i r s t h i g h - b u r n u p c l u s t e r i r r a d i a t i o n . 

T a b l e I .C . l 5 s u m m a r i z e s the e n v i r o n m e n t a l cond i t i ons for 
T e s t C. F i g u r e I .C.21 shows the t e m p e r a t u r e p r o f i l e s of the c e n t e r e l e m e n t 
(ANL-024) in the s u b a s s e m b l y for the t e s t and for the t e r m i n a l e n v i r o n m e n t 
in X040A, when the p e a k h e a t r a t i n g was 15.7 kW/f t . The m a x i m u m g r o w t h 

*T. T. Claudson, R. W. Barker, and R. L. Fish, The Effects of Fast Flux on the Mechanical Properties and 
Dimensional Stability of Stainless Steel, Nucl. Appl. Tech. 9(1), 10 (1970). ' 



TABLE I.C.14. Environmental Conditions for Test B of Program for 
Irradiating Mixed-oxide Fuel to Cladding Failure 

Reactor power, MWt 62.5 
Core position 5N2 
Peak heat rating, kW/ft 

Original irradiation in X012A 13.8 
Test specinnen (11 at. % burnup) 14,6 
Hottest environmental element 13.4 
Coldest environmental element 12,4 

Maximum coolant temperature, °F 1100 
Temperature of mixed coolant at subassembly outlet, °F 987 
Maximum fuel tennperature, °F 

Test specinnen^ 4530 
Environnnental element" 4340 

Flow through subassembly, gpm 24.2 

^Gap conductance of test specimen, 1200 Btu/(hr)(ft^J{°F). 
^Gap conductance of environmental element, 1000 Btu/(hr}(ft^)(°F). 

. FUEL 
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\ 
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Fig. I.C.20. Temperature Profiles of Test Element NUMEC D-6 



87 

TABLE I .C.15. Environmenta l Conditions for Tes t C of P r o g r a m for 
I r r ad ia t ing Mixed-oxide Fuel to Cladding F a i l u r e 

Reactor power, MWt 62.5 
Core posit ion 6N2 or 6N5 
P e a k heat ra t ing, kW/ft 

Maximum 16.1 
Center 15.9 
Minimum 14.8 

Maximum coolant t e m p e r a t u r e , °F 1020 
T e m p e r a t u r e of mixed coolant at subassembly outlet, °F 866 
Maximum fuel t e m p e r a t u r e , ^ °F 4600 
Flow through subassembly, gpm 15.7 

^Fue l /c ladd ing gap conductance of 1200 Btu/(hr)(ft^)(°F). 

FUEL 
SURFACE 

\ 

ENVIRONMENT 

- TEST C 

• Xa4aA(leiniiiial) 

FRACTION OF LENGTH 

Fig. I.C.21. Temperature Profiles of Test Element ANL-024 
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of the cladding of th i s e l e m e n t a t a b u r n u p of 6 at . % w a s 1.4%. Of t h i s , 
0.7% was ca lcu la ted with the P N L swe l l ing equa t ion to be due to s t a i n l e s s 
s tee l swel l ing. 

b. Xenon- t ag Techn ique 

L a s t R e p o r t e d : A N L - 7 7 4 2 , pp . 82 -86 (Sept 1970). 

(i) Effect ive Yield F r a c t i o n s for L o w - m a s s Xenon I s o t o p e s 
(E. R. E b e r s o l e and M. T . Laug ) 

The succes s fu l app l i ca t i on of the x e n o n - t a g me thod for 
identifying defect ive e x p e r i m e n t a l fuel e l e m e n t s h a s been p r e d i c t e d on the 
assumpt ion that the effective y i e ld s of '^^Xe, '^^Xe, ' ^ 'Xe , ' ^ 'Xe , and '^°Xe 
a r e negl ig ible . Although al l a v a i l a b l e i n f o r m a t i o n i n d i c a t e s tha t t h i s 
a ssumpt ion is val id, d i r e c t e x p e r i m e n t a l v e r i f i c a t i o n is l a c k i n g . 

The r e c e n t d i s c h a r g e f r o m E B R - I I of S u b a s s e m b l y C-2203S , 
which contained unencapsu l a t ed M a r k - I I d r i v e r e l e m e n t s wi th h igh b u r n u p , 
provided an oppor tuni ty to m e a s u r e the r e l a t i v e a b u n d a n c e s of xenon i s o 
topes accumula ted in the gas p l e n u m s . The gas con ten t s f r o m two e l e m e n t s . 
No. 46 and 73, w e r e ana lyzed by m a s s s p e c t r o m e t e r . T a b l e I .C.16 l i s t s the 
m e a s u r e d m a s s r a t i o s of xenon i s o t o p e s found in t h e s e e l e m e n t s . 

TABLE I .C .16 . M a s s Ra t ios of Xenon I s o t o p e s 
in E l e m e n t s 46 and 73 f r o m 

S u b a s s e m b l y C-2203S 

M a s s Ra t io 

Iso tope E l e m e n t 46 E l e m e n t 73 

124 

125 

Xe No m e a s u r a b l e quan t i ty of i so tope found 

Xe No m e a s u r a b l e quan t i ty of i so tope found 

'^*Xe 2 X 10-5 J g ^ jQ-5 

Xe No m e a s u r a b l e quan t i ty of i so tope found 

'^"Xe 1 X 10-4 0 g ^ jQ-4 

'^'Xe 0.1478 0.1467 

' " X e 0.2119 0.2122 

'^^Xe 0.3476 0.3475 

"^Xe 0.2935 0.2935 
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B a s e d on a va lue of 7.09% for the f a s t - f i s s i o n yie ld of 
Xe* and the i n f o r m a t i o n given in Tab le I .C .16 , the effect ive y i e ld s for 

each of the r e m a i n i n g i s o t o p e s w e r e 
TABLE I.C.17. Effective Yields of Xenon 

Isotopes in Elements 46 and 73 from 
Subassembly C-2203S 

Isotope Yield 

•"Xe 

'°Xe 

"Xe 

4 .1 X lO--* 

2 X 1 0 " ' 

3.02 

I so tope Yield 

"Xe 

'"Xe 

"Xe 

4.33 

7.09=1 

5.96 

e s t a b l i s h e d (see T a b l e I .C .17) . 

The fact that n e i t h e r ^^*Xe, 
'^^Xe, no r '^ 'Xe was found t ends to 
ru l e out the p o s s i b i l i t y tha t any of 
t h e s e s p e c i e s i s a f i s s i on p r o d u c t . 
The fact that '^^Xe and '^°Xe w e r e 
found d o e s not i nd i ca t e tha t e i t h e r 
of t h e s e s p e c i e s is n e c e s s a r i l y a 
f i s s ion p r o d u c t . Xenon-128 could 
have o r ig ina t ed f r o m n e u t r o n c a p t u r e 

in I, a f i s s ion p r o d u c t tha t i s r a d i o a c t i v e l y s t a b l e . S i m i l a r l y , '^"Xe could 
have b e e n g e n e r a t e d f r o m n e u t r o n c a p t u r e in ' ^ ' l , a f i s s ion p r o d u c t . The 
g e n e r a t i o n of Xe and °Xe f rom the s u c c e s s i v e b e t a - d e c a y of f i s s ion 
p r o d u c t s s e e m s un l ike ly . Both s p e c i e s a r e effect ively b locked by t h e i r 
s t a b l e t e l l u r i u m p r e c u r s o r s . 

Yield for '^Xe was used as the basis for 
yield normalization. 

9. C h a r a c t e r i z a t i o n of I r r a d i a t i o n E n v i r o n m e n t (189a 02-151) 

L a s t R e p o r t e d : A N L - 7 7 4 2 , pp . 86-88 (Sept 1970). 

( E x p e r i m e n t a l r e s u l t s for the Z P R - 3 a s s e m b l i e s d i s c u s s e d h e r e 
a r e r e p o r t e d in Sec t . I .A.4 , " Z P P R and Z P R - 3 O p e r a t i o n s and A n a l y s i s . " ) 

a. R a d i a l R e a c t i o n - r a t e T r a v e r s e s in Z P R - 3 A s s e m b l y 62 
(D. M e n e g h e t t i , K. E . P h i l l i p s , and D. G. S t e n s t r o m ) 

Rad ia l r e a c t i o n - r a t e t r a v e r s e s for ' P u f i s s ion and ' " B c a p t u r e 
in Z P R - 3 A s s e m b l y 62 have been ca l cu l a t ed b a s e d on the flux so lu t ions of 
a t w o - d i m e n s i o n a l , R Z - g e o m e t r y , S4 a p p r o x i m a t i o n . A 2 9 - g r o u p c r o s s -
sec t ion s e t hav ing d e t e c t o r - c r o s s - s e c t i o n va lue s c o r r e s p o n d i n g to MC^ 
a v e r a g i n g s of the v a r i o u s r e g i o n a l c o m p o s i t i o n s was u s e d . 

F i g u r e s I .C.22 and I .C.23 c o m p a r e the c a l c u l a t e d t r a v e r s e s 
for ^^'Pu f i s s i on and '°B c a p t u r e , r e s p e c t i v e l y , with c o r r e s p o n d i n g e x p e r i 
m e n t a l v a l u e s r e p o r t e d by the Z P R - 3 e x p e r i m e n t a l g roup in A N L - 7 7 4 2 , 
pp. 1 7 - 2 0 . The c a l c u l a t e d va lue s for ^^'Pu f i s s ion r e s p o n s e in the s t a i n l e s s 
s t e e l - r e f l e c t o r r eg ion a r e l e s s than the e x p e r i m e n t a l v a l u e s , a s i t ua t ion a l s o 
noted for "^U f i s s i on ( s ee A N L - 7 7 4 2 , p . 87). T h i s d i s c r e p a n c y i s a l so e v i 
dent in the '°B capture t r a v e r s e s . T h e s e d i s c r e p a n c i e s , wh ich w e r e not o b 
s e r v e d for e i t h e r the b l anke ted or the n i c k e l - r e f l e c t e d A s s e m b l i e s 60 and 6 1 , 
r e s p e c t i v e l y , a r e p r o b a b l y c a u s e d by the p o o r e n e r g y r e s o l u t i o n of the 
c r o s s - s e c t i o n da t a for i r o n in the E N D F / B , V e r s i o n - I c o m p i l a t i o n . 

*F. L. Lisman et al̂ ., Burnup Determination of Nuclear Fuels, Project Report for the Quarter Apr 1 to 
lune 30, 1968, and Final Report, IN-1277. 
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Fig. I.C.23. IOB^ Radial Traverse at Axial Mid
plane of ZPR-3 Final Assembly 62 

b. Calcula ted G a m m a - d e p o s i t i o n P r o f i l e s for Z P R - 3 
A s s e m b l y 60 (D. M e n e g h e t t i and D. G. S t e n s t r o m ) 

T w o - d i m e n s i o n a l , R Z - g e o m e t r y n e u t r o n i c s and g a m m a c a l c u l a 
t ions for Z P R - 3 A s s e m b l y 60 have been m a d e wi th the DOT t r a n s p o r t code . 
The gamma ca lcu la t ions u s e d 20 e n e r g y g r o u p s wi th an S^Ps approx inna t ion . 
F i g u r e I .C.24 shows the ca l cu l a t ed r a d i a l p r o f i l e s , in the m i d p l a n e , for 
gamma deposi t ion in a uni t m a s s of i r o n and in a uni t v o l u m e of r e g i o n a l 
co re and blanket m a t e r i a l . The e x p e r i m e n t a l da t a shown wi th the p r o f i l e s 
were obtained with t h e r m o l u m i n e s c e n t d o s i m e t e r s ( T L D ' s ) by the Z P R - 3 
exper imenta l group and w e r e r e p o r t e d in the A p r i l - M a y 1970 P r o g r e s s 
Repor t (ANL-7688, pp. 35-42) . Both the e x p e r i m e n t a l da t a and the c a l c u 
lated cu rves in the f igure a r e se t at un i ty at the c o r e c e n t e r . S ince the 
TLD's w e r e su r rounded by a s t ee l s l e e v e and p l aced n e a r s t e e l m a t e r i a l 
whenever poss ib le in the a s s e m b l y , the c a l c u l a t e d p r o f i l e of d e p o s i t i o n in 
i ron should be c o m p a r e d with the e x p e r i m e n t a l d a t a . T h e e x p e r i m e n t a l 
dose t r a v e r s e does not d rop off as r a p i d l y a s the c a l c u l a t e d t r a v e r s e in 
the r ad ia l -b lanke t reg ion . 

<=• C o m p a r i s o n of 2 9 - g r o u p C a l c u l a t e d S p e c t r a wi th E x p e r i m e n t a l 
Spec t r a in Z P R - 3 A s s e m b l y 61 (D. M e n e g h e t t i and K. E . P h i l l i p s ) 

F i g u r e I .C.25 c o m p a r e s the c a l c u l a t e d n e u t r o n - f l u x s p e c t r a a t 
the co re cen te r , at the c o r e edge n e a r the n i cke l r a d i a l r e f l e c t o r , and in the 
nickel re f lec tor of A s s e m b l y 61 wi th the e x p e r i m e n t a l s p e c t r a . (The e x p e r i 
menta l data w e r e r e p o r t e d in the P r o g r e s s R e p o r t for J u n e 1970, A N L - 7 7 0 5 , 
p . 35.) The calcula ted s p e c t r a w e r e ob ta ined u s i n g R Z - g e o m e t r y , 2 9 - e n e r g y -
group, DOT t r a n s p o r t in the S4 a p p r o x i m a t i o n . The 2 9 - g r o u p c r o s s - s e c t i o n 
set was de r ived f rom the E N D F / B ( V e r s i o n - I ) c o m p i l a t i o n , u s i n g M C ' 
ave rag ings . 
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d. Activation-rate Measurements in ZPR-3 Assembly 60 Mockup 

Experiment (N. D. Dudey, R. R. Heinrich, and R. J. Popek) 

Measurements of foil-activation rates in the EBR-II mockup 

experiments in ZPR-3 have been made to obtain data on foil dosimetry, 

using the critical facility, for comparison with calculated values. Two in

dependent, but complementary, foil-activation experinnents were conducted 

in Assembly 60. Both were designed to account for the effects of ZPR thin-

plate heterogeneities on the activation rates. The results from one of these 

were previously reported. (See Progress Report for August 1970, ANL-7737, 

pp. 27-33.) These experiments provide dosimetry data that may be applied 

to EBR-II and experimental data that may be used to evaluate and define the 

accuracy of reactor-physics calculations in the area of dosimetry. 

In the experiment discussed here, three foil packets, each con

sisting of '̂*U, ^̂ Û, nickel, and gold, were positioned perpendicularly to 

the drawer plates and located in three positions within the assembly: near 

core center, on the core side of the interface of the core and the radial 

blanket, and in the radial blanket. These positions are drawer numbers 0-15, 

0-11, and 0-8, respectively. The foil sets in both experinnents were located 

in symmetric positions within the assembly, but differed in their positioning. 

In this experiment, the foils were positioned perpendicularly to the fuel 

plates, whereas in the previously reported experiment, the foils were posi

tioned between and were parallel to the fuel plates. 

Figure I.C.26 shows the arrangement of the various materials 

in the foil packets. The packets were irradiated for about 600 W-hr, re

moved from the reactor, and subsequently cut into smaller pieces as shown 

in Fig. I.C.27. The foils were cut in a way that would optimize the sensi

tivity to heterogeneity effects due to the drawer-plate structure of the 

assembly. The fold and nickel samples were counted on Nal(Tl) detectors, 

and the fission products from the 
- FOLDS 235y ^^^ 238y ^ ^ ^ . ^ ^ssayed with 

high-resolution Ge(Li) detectors. 

E S 3 GOLD FOIL 

H^^UFOIL 

r ALUMINUM FOILS 
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Fig. I.C.26. Expanded Side View of Foil-packet 
Arrangement in ZPR-3 Assembly 60 
(foil thicknesses, in inches: nickel, 
0.010; 235u, 0.006; 238u, 0.010; 
gold, 0.0002; aluminum, 0.0005) 

S e v e n f i s s i o n p r o d u c t s ( Z r , 
•7 , . 103T5 131^ 132rj, 140T3 J 

Zr, Ru, I, Te, Ba, and 

Ce) were determined for each 

sample of "^U and "^U irradiated 

in Assembly 60. The relative fis

sion rates were determined by 

summing the activities of the seven 

individual fission products for each 

sample. The relative uncertainty 

was evaluated by propagating the 

error on each individual activity to 

obtain the overall uncertainty for 

the sum. The absolute fission rate 
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of a par t icular fission product is determined by dividing the activation rate 
by the appropriate fission yield. Ultimately, very accurate fission yields 
for these fission products will be determined from a third experiment in 
Assembly 60. (See P rog re s s Report for March 1970, ANL-7679, pp. 113-
114.) At present , however, neither the "^U nor the "°U yields for the 
seven fission products are well known. Meek and Rider* have summarized 
numerous fission-product yields for "=U and "^U in both a thermal and a 
fission spectrum of neutrons. We have used their recommended yields as 
a guide in estimating a set of fission-product yields that are relatively self-
consistent with our measured fission-product activities. These yields a re 
presented in Table I.C.18. 

1 2 3 

n 

23 

4 

14 

24 

5 

15 

25 

S 7 e 

IS 

28 

INTERFACE FOILS BLANKET FOILS 

Fig. I.C.27. Foil-cutting Diagram (foils are 2 in. square) 

Reaction 

235u|n,f l 

Fission 

Product 

'SZr 

" Z r 

140 Ba 

'% 
l«Cc 

1311 

103RU 

Total 

Inferred 
Fission 
Yield," 

» 
6.7 

6.3 

5.8 

47 

5.3 

3.4 

3 1 

35.3 

TABLE I.C.18 Summary of Fission 

Meek and Rider'' 

Fission 
Thermal, Spectrum, 

% % 
6.2 

5.9 

6.30 

433 

5.91 

2.91 

3.0 

34.5 

6.7 

6.77 

5-6 

5.5 

54 

3.7 

35 

37.2 

-yield Information 

Reaction 

™U(n,ll , 

Fission 

Product 

»5zr 

" Z r 

""Ba 

132re 

'«Ca 

131, 

I " 'RU 

Total 

Inferred 
Fission 

Yield,* 
% 
5.9 

6.1 

6.0 

5.3 

4.0 

3.3 

6.2 

36.8 

frteek and Rider'' 

Thermal, 

% 

Fission 
Spectrum, 

% 
5.8 

4.9 

6.0 

4.4 

4.3 

3.2 

5.8 

34.4 

"The inferred f ission yields are self-consistent with foils irradiated near the core of ZPR-3 Assembly 60. 
^Recommended f ission-yield values from IVl. E. IVleek and B. F. Rider. APED-5398 (Mar 1968). 

The a b s o l u t e f i s s ion r a t e s for e a c h s a m p l e w e r e d e t e r m i n e d 
by d iv id ing t he s u m of the seven ind iv idua l ly m e a s u r e d f i s s i o n - p r o d u c t 
a c t i v a t i o n r a t e s by the s u m of the seven s e l f - c o n s i s t e n t ( i n f e r r e d ) f i s s i on 
y i e l d s . Al though the u n c e r t a i n t i e s for the f i s s ion y i e ld s can only be e s t i 
m a t e d , t hey a r e thought to be a c c u r a t e to ±5 to ±15%. The r e s u l t s of the 
f i s s i o n - r a t e m e a s u r e m e n t s a r e p r e s e n t e d in T a b l e I .C .19 . T a b l e I .C.20 
s u m m a r i z e s the r e s u l t s for the a b s o l u t e r e a c t i o n r a t e s for t h r e e of the 

*M. E. Meek and B. F. Rider, Summary of Fission Product Yields for U-235, U-238, Pu-239, and Pu-241 at 
Thermal, Fission Spectrum and 14-MeV Neutron Energies, APED-5398 (Mar 1968). 



94 

TABLE l,C,19. Fission Rales for 235u and ^^U Samples in ZPR-3 Assembly 60 

Sample 

Bfsnkel 
1 
2 
3 
4 

Interface 
1 
2 
3 
4 
5 
6 
7 
8 

Core 
1 
Z 
3 
i 
5 
6 
7 
8 
n 
12 
13 
14 
15 
16 
17 
18 
21 
22 
23 
24 
25 
26 
27 
28 

Sample 

Relative 
Fission 

Rate X l o ' ^ 
sec-1 

4.10 
5.05 
5.19 
5.89 

8.97 
9.23 
9.64 
9.84 
9.96 

10.1 
109 
11,0 

15.1 
15,4 
15.8 
15.3 
15.5 
15.9 
16.1 
16.3 
15.9 
15.3 
15,9 
15.3 
15.7 
16.0 
16,1 
16.0 
15.9 
15.7 
15.8 
15.4 
15.5 
16.3 
16.2 
16.2 

235u 

Relative 
Error, 

* 
2.2 
1.9 
30 
2.1 

2.5 
2.5 
2.S 
2.6 
2,0 
2.9 
2.3 
2,2 

2.3 
2 5 
30 
2.3 
2.4 
2.4 
36 
2.9 
2.3 
2.7 
2.1 
2,2 
2.3 
2.1 
2.1 
2.2 
2.9 
2.6 
2.1 
2.5 
2.3 
2.2 
2.2 
2.1 

TABLE I.C.20. 

' " A u ( n . r l ™ A u 

Reaction 
Rate X 10l6, 

s e c ' 

Absolute 
Fission 

Rate X l o ' ^ . 
sec"' 

11.6 
14.3 
14.7 
16.7 

25.4 
26.1 
27.3 
27.9 
28,2 
28.8 
30.9 
31.2 

42.8 
436 
44.8 
43.3 
43.9 
45.0 
45.6 
46.2 
45.0 
433 
45.0 
433 
44.5 
45.3 
45.6 
45.3 
45.0 
44.5 
44.8 
43.6 
439 
46.2 
45.9 
45,9 

Relative 
Fission 

Rale x 10'5 
sec-1 

0.073 
0.090 
0.110 
0,132 

0,475 
0.490 
0.596 
0.620 
0.702 
0.735 
0.744 
0.746 

1.12 
1.12 
1.18 
1.11 
1.09 
1.17 
1.25 
1.19 
1.13 
1,09 
1.25 
1.18 
1.19 
1.20 
1.28 
1.20 
1.14 
1.14 
1.21 
1.14 
1.16 
1.21 
1.27 
1.19 

238u 

Relalive 
Error, 

* 
4.2 
2.8 
2.9 
2.5 

4.0 
2.7 
2,6 
2.8 
2.1 
2.7 
2.0 
2.6 

3.2 
32 
37 
39 
4.8 
3,1 
2.7 
35 
2.6 
3,2 
3.7 
2-7 
2.6 
3.1 
30 
3-2 
36 
2.4 
2.9 
2.6 
2.8 
2.8 
3.1 
31 

Absolute Reaction Rates in ZPR-3 Assembly 60 

Relative Absolute Reaction 
Error, Error 

% % 
Rate X 1016 

sec ' l 

^i(n.p)^^Co 

Relative 
Error. 

% 

Absolule 
Fission 

Rate X l O ' ^ 
sec"! 

0,200 
0.243 
0,300 
0-360 

1.29 
1,33 
1.62 
1.68 
1.91 
2.00 
2.02 
2.03 

304 
305 
3,22 
3.03 
2.97 
3-19 
3.41 
324 
308 
2.97 
341 
322 
324 
327 
3.49 
327 
3-11 
311 
3,30 
3.11 
316 
330 
3,46 
324 

"«U(n, r>^^Np 

Absolute Reaction Relative 
Error, Rate x 

% sec 
10«, Error, 

- I % 

238u;235u 

0.0172 
0.0170 
0.0204 
0.0216 

0.0508 
0.0510 
0.0593 
0.0602 
0.0677 
0.0699 
0.0654 
0.0651 

0,0710 
0.0700 
0.0729 
0.0700 
0.0677 
0.0709 
0,0748 
0.0701 
0.0634 
0.0686 
0.0758 
0.0744 
0.0728 
0.0722 
0.0765 
0.0722 
0.0591 
0.0699 
0.0737 
0.0713 
0.0720 
0,0714 
0,0754 
0.0706 

Absolute 
Error, 

% 
0.470 
0.561 
0.670 
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reactions measured; " 'Au(n,7), ^°Ni(n,p), and "^U(n,7). These three r eac 
tion ra tes , together with the two fission ra tes , will provide a means for 
character izing the neutron-energy distributions. 

10. Operation of Data Acquisition System (DAS) (189a 02-530) 

Last Reported: ANL-7742, p. 89 (Sept 1970). 

a. Acceptance Tests (R. W. Hyndman) 

The digital data-acquisition system (DAS) passed its acceptance 
test of 30 days at 90% reliability. Operating time for the system during the 
30-day test period was 96.6%. The 3.4% downtime was caused by failure 
of a card reader and of the rapid access device (RAD). The acceptance 
tes ts were conducted on all equipment listed in the original purchase con
t ract , except the graphic-display unit. Also under test , but not as par t of 
the original purchase contract, were an additional RAD, two magnetic-
tape sys tems, and an extra 8 k of magnetic core storage. 



D. E x p e r i m e n t a l B r e e d e r R e a c t o r No. I I - - F u e l F a b r i c a t i o n 

1. Fue l and H a r d w a r e P r o c u r e m e n t (M. J . F e l d m a n ) (189a 02-073) 

a. R e c l a m a t i o n of Vendor F u e l (D. L . Mi t che l l ) 

L a s t R e p o r t e d : A.NL-7742, p . 90 (Sept 1970). 

During th is r e p o r t i n g p e r i o d , 1800 m o r e v e n d o r e l e m e n t s w e r e 
p r o c e s s e d . Of t h e s e , 1461 w e r e " a c c e p t " e l e m e n t s and 339 w e r e " r e j e c t " 
e l e m e n t s . Void s i ze in the s o d i u m bond* was the p r i n c i p a l c a u s e for r e j e c 
tion. A high p e r c e n t a g e (30-46%) of e l e m e n t s f r o m the l a s t five fuel b a t c h e s 
to be h e a t - t r e a t e d was r e j e c t e d for v o i d s . The r e a s o n for f o r m a t i o n of voids 
in these ba t ches is being d e t e r m i n e d . 

E . E x p e r i m e n t a l B r e e d e r R e a c t o r No. I I - - O p e r a t i o n s 

1. R e a c t o r O p e r a t i o n s (G. E . Deegan) ( I89a 02-075) 

a. Ope ra t i ons 

L a s t R e p o r t e d : A N L - 7 7 4 2 , pp. 90-91 (Sept 1970). 

F r o m S e p t e m b e r 16 th rough O c t o b e r 15, the r e a c t o r o p e r a t e d 
for 1136 MWd in Runs 46A and 46B. T h e s e r u n s w e r e the f i r s t of r e g u l a r 
opera t ion at 62.5 MWt. The a c c u m u l a t e d to ta l of E B R - I I o p e r a t i o n is 
40,427 MWd, 

Fue l handling for Run 46A was c o m p l e t e d wi thout diff iculty a f t e r the 
No. 1 c o n t r o l - r o d th imble was r e p l a c e d . I n spec t i on of the t h i m b l e showed 
that t h r e e flats w e r e s c r a t c h e d and the upper end of one flat w a s d e f o r m e d . 
Swelling in the co re reg ion was a l s o ev iden t , 

A f lux-wi re i r r a d i a t i o n run of 1 h r a t 50 kW was m a d e , and the 
s u b a s s e m b l i e s containing the i r r a d i a t e d w i r e s w e r e t r a n s f e r r e d to the F E F 
The r e a c t o r was then s t a r t e d up for Run 46A, and the c o n t r o l r o d s w e r e 
c a l i b r a t e d . Because fewer than usua l e x p e r i m e n t a l s u b a s s e m b l i e s had been 
loaded in the r e a c t o r for in i t i a l o p e r a t i o n a t 62.5 MWt, c o n t r o l - r o d w o r t h s 
had d e c r e a s e d s ignif icant ly f r o m the p r e v i o u s r u n , A r e a c t i v i t y a d j u s t m e n t 
was t h e r e f o r e n e c e s s a r y , so the r e a c t o r was shut down. Af te r fuel handl ing 
for the ad jus tmen t had been c o m p l e t e d , the r e a c t o r w a s r e s t a r t e d on S e p -
terriber 22. During the subsequen t o p e r a t i o n in Run 46A, s p e c i a l m o n i t o r i n g 
and phys ics t e s t s w e r e p e r f o r m e d in a c c o r d a n c e wi th an a p p r o v e d t e s t p r o 
c e d u r e . Opera t ion a t 62.5 MWt was a t t a i n e d on S e p t e m b e r 25 , and the t e s t i ng 
p r o g r a m a s s o c i a t e d wi th h i g h e r - p o w e r o p e r a t i o n w a s s u c c e s s f u l l y c o m p l e t e d 
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There were three sc rams during Run 46A. One was caused by 
failure of an ac voltage regulator, and one by a low setting of a s c ram set-
point for the secondary-sodium pump. The cause of the third s c r a m is un
known. At the end of Run 46A, on October 6, there was no remaining excess 
reactivity, and power had been permitted to drift down to 61 MWt to complete 
the scheduled 750 MWd of operation. 

The reactor was started for Run 46B on October 8. Loading for 
this run included installation of the first high-worth control rod and tem
porary replacement of the stainless steel drop rod with a standard fueled 
control rod. Two spurious scrams of the reactor occurred during Run 46B. 

The loading changes for Run 46A, in addition to those reported 
last month and those reported above, included installation of three survei l 
lance subassemblies containing heat- t reated vendor fuel and four reconst i 
tuted surveillance subassemblies containing Mark-II fuel. The loading 
changes for Run 46B included installation of one reconstituted surveillance 
subassembly containing Mark-II fuel. (See Sect. I. C.4.a for changes of ex
perimental subassemblies.) 

2. Fuel Cycle Facility Operations* (M. J . Feldman) (l89a 02-076) 

a. Fuel Assembly (D. L. Mitchell) 

Last Reported: ANL-7742, p. 91 (Sept 1970). 

Eight Mark-IA subassemblies containing vendor-fabricated 
elements were assembled in the cold line during this reporting period. The 
vendor-fabricated elements that had been accepted by ANL verification in
spection are being heat- t reated to recla im them (see Sect. I .D.l .a) . 

Table I.E.I summarizes the production activities for Septem
ber 16 through October 15, 1970, and for fiscal year 1971. 

b. Fuel Handling and Transfer (N.R.Grant , W. L. Sales, and 
K. DeCoria) 

Last Reported: ANL-7742, p. 91 (Sept 1970). 

Table I.E.2 summarizes the fuel-handling operations performed. 

c . R e a c t o r S u p p o r t (J . P . B a c c a and N. R. G r a n t ) 

L a s t R e p o r t e d : A N L - 7 7 4 2 , pp . 93 -94 (Sept 1970). 

••The Fuel Cycle Facility (FCF) is now called the Fuels and Examination Facility (FEF). 



/l/VU 11'^ J 

TABtE LE.1. Production Summary for FEF Cold tine 

Subassemblies Fabricated witii Mark-IA Fuel 
With cold-line elements 
With vendor elements 

Preirradiation Treatment of Vendor /Vlark-IA Fuel 
Heat-treating of as-fabricated elements (22,614^) 

Heat-treated, inspected, and accepted 
Heat-treated, inspected, and rejected'^ 

Total Elements Available for Subassembly Fabrication as of 10/15/70 
Cold-line fuel 

Mark lA 
Mark II 

Vendor fuel (Mark IAI 
Impact-bonded*^ 
Heat-treated 

9/16/70 
through 
10/15/70 

0 
8 

1461 
339 

250 
223 

2685 
2465 

Total for 
FY 1971 

0 
40 

2627 
581 

^These elements, cast and centrifugally bonded by the vendor, have been accepted by ANL verification 
inspection, but not yet approved for general use in the reactor. They are being heat-treated to 
reclaim them (see Sect. I.D.l,a). 

^Void si2e in the sodium bond is the principal cause for rejection. Elements rejected for this reason 
may be reclaimed by impact-bonding (see Sect. I.D.l.aJ. 

(^Impact-bonding by ANL of 11,853 unbonded vendor fuel elements was completed in fiscal year 1970. 

TABIE I.E.2. S ummary 

Subassembly 

Subassemblies Received from Reactor 
Driver fuel (all types) 
Experimental 
Other (blanket) 

Subassemblies Dismantled for Surveillance, 
or Shipment to Experimenter 

Driver fuel 
Experimental 
Other (blanket) 

Driver-fuel Elements to Surveillance 
Number from subassemblies 

Subassemblies Transferred to Reactor 
Driver fuel 

From air cell 
From cold line^ 

Experimental 

of FEF Fuel 

Handling 

Examination, 

Fuel-alloy and Waste Shipmer 

Cans to Burial Ground 

Blanket Subassemblies to Burial Ground 

Skull Oxide and Glass Scrap to ICPP 

Recoverable Fuel Alloy to ICPP 
Fuel elements'' 

Subassemblies'' 

Nonspecification material 

• 

Handling 

9/16/70 
through 
10/15/70 

12 
12 
11 

8 
10 
3 

143 
2 

1 
16 
6 

lis 

2 

0 

0 

2 (3485 kg 
of alloy) 

5 (23.42 kg 
of alloy) 

0 

Totals for 
FY 1971 

44 
22 
24 

28 
20 
4 

1191 
18 

6 
47 
10 

11 

0 

6 (104.48 kg 
of alloy) 

18 (92.64 kg 
of alloy) 

0 

Col -line subassembies, following fabrication and final tests, are transferred either to the reactor 
or to the special-materials vaults lor interim storage until needed for use in the reactor 

^Figure outside parentheses is number of shipments made; figure inside is Lei h a t y shipped 
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(i) Examination of Guide Thimbles from Reactor Grid Positions 
5A3, 3A1, and 5D1 (R. D. Phipps and R. V. Strain) 

A third guide thimble was received from the reactor for 
examination at the F E F . This control-rod thimble had received an est i 
mated total maximum fluence of 1.5 x lO" nvt (39,291 MWd) in grid posi
tion 5D1. It too had been removed from the reactor grid because of fuel-
loading difficulties experienced in an adjacent position of the reactor grid. 
Examination of the two guide thimbles received previously was continued. 
These were the control-rod thimble from grid position 5A3 [calculated 
total maximum fluence of 1.4 x 10^̂  nvt (36,785 MWd)] and the safety-rod 
thimble from grid position 3A1 [calculated total maximum fluence of 1.7 x 
lO" nvt (37,490 MWd)]. 

The thimble from position 5D1 was visually inspected and 
photographed through the a i r -ce l l periscope. Photographs made with the 
thimble in front of a straightness grid show some bowing, the top end of the 
thimble being bowed in a direction corresponding to the direction away from 
the core center while the thimble was in EBR-II. Longitudinal scratches 
(similar to those observed ear l ier on the thimbles from positions 3A1 and 
5A3) were seen on the three flats that faced the core center while the thimble 
was in the reactor . No scratches were seen on the opposite three flats, but 
a portion of the top edge of one of these flats is deformed outwardly about 
1/8 in. 

The thimbles from grid positions 3A1 and 5D1 were m e a s 
ured for total-indicated-runout (TIR) with the subassembly-straightness 
tes te r . (These measurements give some indication of the magnitude of 
bowing.) The maximum TIR reading was 0.015 in. for the thimble from grid 
position 5D1 and 0.055 in. for the thimble from grid position 3A1. The maxi
mum allowable preirradiat ion bow (TIR) is 0.080 in. 

Measurements of the length of the hexagonal tubing of the 
thimble from 5D1 showed an average increase of 3/16 in. over the length of 
4^\ in. on fabrication drawings. The thimble was also gross gamma-scanned 
for ^^Co and ^*Mn gamma activities along its length in one azimuthal o r i 
entation (along one flat of the hexagonal tube). 

Measurements made of each of the three thimbles with a 
recently fabricated, milled, flat-surface plate will give (l) an indication of 
the axial bow and the concavity or convexity of each flat to an est imated ac
curacy of ±0.005 in. and (2) an indication of the twist of the thimbles. The 
measurements are being analyzed. 

Design work is being initiated for a device to measure the 
flat-to-flat dimension across the flats and the corner- to-opposi te -corner 
dimensions of the hexagonal tubes. 



100 

(ii) Measurement of Subassembly Outlet Tempera ture . Five 
additional subassemblies containing temperature monitors have been r e 
ceived from the reactor , dismantled, and processed. Table I.E.3 l ists these 
subassemblies, their grid positions, and the monitors they contained. 

TABLE I.E.3. Irradiated Subassemblies with Temperature 
Monitors Received from EBR-II 

Type of Monitor^ 

X 
X 

o 
o 
X 

o 
X 
X 
X 
X 

o 
X 
X 
X 
X 

Subassembly No. Grid Position Melt Wire SiC Sodium 

C-2212S lAl 
C-2216S 2C1 
C-2221S 2E1 
C-2224S 4C1 
B-3076S 6D1 

^X indicates monitor was used in subassembly; O indicates 
monitor was not used. 

(iii) Reconstitution of Subassemblies for Higher-power 
Operation. The fifth of six driver subassemblies containing Mark-II fuel 
was reconstituted for 62.5-MWt operation. This subassembly (C-2235S) 
was reconstituted from elements removed from Subassembly C-2229S (peak 
burnup, 1.8 at. %) and visually examined in the air cell. It has been t r ans 
ferred to the reactor . Interim examination of the sixth subassembly, 
C-2203S (peak burnup, 3.3 at. %), is not complete. This subassembly will 
be reconstituted as Subassembly C-2232S and t ransferred to the reac tor . 

(iv) Flux-wire Subassemblies. Three subassemblies contain
ing flux wires 12, 14, and 15 were received from the reactor and washed. 
The wires were removed, and the subassemblies were stored for use in 
future flux determinations. 
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PUBLICATIONS 

Plutonium Fuel Fabrication Techniques 
J. E. Ayer 

Metalurgia (Brazil) _26( 153), 615-620 (Aug 1970) 

Suitability of Some Components of the EBR-II Sodium Systems for Operation 
at 62.5 MWt 

N. Bulut 
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Dynamic Simulation and Analysis of EBR-II Rod-drop Experiments 
A. V. Canapise 

ANL-7664 (Mar 1970) 

Intergranular Corrosion Cracking of Type 304 Stainless Steel in Water-
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II. GENERAL R E A C T O R TECHNOLOGY 

A. Appl ied and R e a c t o r P h y s i c s D e v e l o p m e n t 

1. T h e o r e t i c a l R e a c t o r P h y s i c s 

a. T h e o r e t i c a l R e a c t o r P h y s i c s (189a 02-081) 

(i) C r o s s - s e c t i o n Data E v a l u a t i o n (E . M. Penn ing ton ) 

L a s t Repor t ed : A N L - 7 7 4 2 . p . 96 (Sept 1970). 

The MC^ l i b r a r y of V e r s i o n II E N D F / B n e u t r o n c r o s s -
sec t ion data has been u s e d to r u n MC^ p r o b l e m s for Godiva , J e z e b e l , and 
Z e b r a 3. t h r e e of the t en a s s e m b l i e s for E N D F / B da ta t e s t i n g . Godiva and 
J e z e b e l a r e s m a l l , b a r e , v e r y fas t a s s e m b l i e s c o n s i s t i n g m a i n l y of U 
and " ' P u , r e s p e c t i v e l y . Z e b r a 3 is a r e f l e c t e d a s s e m b l y wi th c o n s i d e r a b l e 
" ' P u and " "U in the c o r e , and a r a t h e r soft s p e c t r u m . The MC^ p r o b l e m s 
w e r e followed by Sn t r a n s p o r t - t h e o r y ca l cu l a t i ons u s ing the o n e -
d imens iona l t r a n s p o r t pa th in the ARC s y s t e m . The v a l u e s of keff ob ta ined 
for Godiva, J e z e b e l , and Z e b r a 3 w e r e 1 0012, 0.9887, and 0 .9319, 
r e s p e c t i v e l y . 

The va lues of kgff for bo th ^^ 'Pu-fue led a s s e m b l i e s a r e too 
low. Ca l cu l a t i ons* for a s e r i e s of ^ " P u - f u e l e d a s s e m b l i e s u s i n g p r e l i m i 
n a r y V e r s i o n II data a l so r e s u l t e d in low keff v a l u e s . Low v a l u e s for s o m e 
of the o ther d a t a - t e s t i n g a s s e m b l i e s w e r e r e p o r t e d i n f o r m a l l y at the 
C S E W G m e e t i n g at B rookhaven Nat ional L a b o r a t o r y on O c t o b e r 7 and 8. 
These low keff va lue s led to p lans for a t a s k fo rce to p r e p a r e new v e r s i o n s 
of ^^'Pu, ^^^U, and^^^U af ter the da ta t e s t i n g has b e e n c o m p l e t e d . 

T h e r e is a p r o b l e m with V e r s i o n II E N D F / B d a t a c o n c e r n 
ing the nuc l ea r r a d i u s u s e d in ca lcu la t ing u n r e s o l v e d r e s o n a n c e c r o s s s e c 
t i ons . Br ief ly , t h e r e a r e two n u c l e a r r a d i i involved; one i s g iven exp l i c i t l y 
and is to be u s e d in ca lcu la t ing po ten t i a l s c a t t e r i n g ; the o the r is to be 
ca lcu la ted f rom a f o r m u l a and is u s e d in ca l cu l a t i ng p e n e t r a t i o n f a c t o r s . 
ETOE and MC^ u s e only the r a d i u s g iven exp l i c i t l y for b o t h p o t e n t i a l s c a t 
t e r i ng and p e n e t r a t i o n f a c t o r s . One cannot a l low for th i s d i s c r e p a n c y by 
m e r e l y changing ETOE and MC^, b e c a u s e s o m e of the b a s i c E N D F / B da t a 
a r e not cons i s t en t with the u s e of the two r a d i i , and one canno t t e l l t h i s 
fact by m e r e l y looking at a l i s t i ng of the da ta The d i f f e r e n c e s betAsreenthe 
two r ad i i a r e i m p o r t a n t at e n e r g i e s w h e r e p - w a v e c o n t r i b u t i o n s to c a p t u r e 
and f i ss ion a r e s ignif icant , b e c a u s e p - w a v e c o n t r i b u t i o n s a r e v e r y r o u g h l y 
p ropor t i ona l to the s q u a r e of the r a d i u s - u s e d in c a l c u l a t i n g p e n e t r a t i o n 
f a c t o r s . To inves t iga te the m a t t e r f u r t h e r , the u n r e s o l v e d r e s o n a n c e code , 

W. W. Little, e£_aL, Analysis of Critical Experiments Using Version II of the Evaluated Nuclear Data File 
(ENDF/B), Trans. Am. Nucl. Soc. ^3, 1, 304 (1970). 
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UR, has been modified to handle the Version II E N D F / B unresolved r e so 
nance formats, and to use either both radii or only the potential scattering 
radius in the calculations. 

(ii) Neutronics Calculation Capability 

Last Reported: ANL-7726, pp. 85-86 (July 1970). 

(a) Applications of Space-Energy Factorization to the 
Solution of Static Fast-Reactor Neutronics Problems 
(W. M. Stacey, J r . , and H. Henryson) 

An approximate method for solving the neutron-
diffusion equation, based upon factorization of the neutron flux into a spec
t ra l function and a spatial shape function (with weak energy dependence), 
was developed recently. This factorization of the flux leads to coupled 
equations for the spectral and spatial functions which must be solved i te ra
tively, thus effectively defining an iteration procedure between a broad-
group calculation for the spatial function appropriate for a given energy 
interval and a fine-group calculation for the spectral function appropriate 
within that energy interval. Numerical tests indicated that space-energy 
factorization with four to six shape-function intervals (energy intervals 
over which a single shape function is used) agreed very well with the direct 
solution for typical one-dimensional fast-reactor models represented with 
24-energy groups. 

An extension of the method employing several spectral 
functions associated with the various regions of a reactor , but with over
lapping domains, has been examined. In th is 'case , the single equation for 
the spectral function in the original method is replaced by a coupled set of 
equations for all the spectral functions. (These equations are also coupled 
to the equation for the spatial function, as in the original method.) Allow
ing different spectral functions to be used in different parts of a reactor 
produced greater flexibility. Numerical tes ts , for typical one-dimensional 
fas t - reactor models with 24 energy groups, indicate that the added flexi
bility obtainable with multiple spectral functions does improve the accuracy 
of the factorization method in the prediction of keff, power distribution, 
spectra, etc. , as expected. However, comparable improvement could be 
obtained with less computational expenditure by using more shape-function 
intervals in the original method. For example, when two shape-function 
intervals were used in a typical problem with two core regions, two blanket 
regions, and a reflector, the e r r o r in keff was -0.0081 with a single spectral 
function and was reduced to 0.0031 with three spectral functions. Whenfour 
shape-function intervals were employed, the e r ro r in kgff was reduced to 
-0.0024 with a single spectral function and to 0.0015 with three spectral 
functions . 
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One po ten t i a l u s e of s p a c e - e n e r g y f a c t o r i z a t i o n is to 
p rov ide an e c o n o m i c a l m e a n s of so lv ing 20 -30 g r o u p , m u l t i d i m e n s i o n a l 
diffusion equa t ions for f a s t - r e a c t o r d e s i g n a p p l i c a t i o n . The e x p e r i e n c e 
obtained wi th o n e - d i m e n s i o n a l c a l c u l a t i o n s i n d i c a t e s a h igh p r o b a b i l i t y of 
s u c c e s s in this app l i ca t ion . An i t e r a t i v e so lu t ion r o u t i n e , b a s e d upon a 
v a r i a n t of the ADI t echn ique , has b e e n deve loped for the s p a c e - e n e r g y 
f ac to r i za t i on equa t ions in m u l t i d i m e n s i o n a l g e o m e t r i e s . An e x p e r i m e n t a l 
t w o - d i m e n s i o n a l code has b e e n w r i t t e n to a id in the e v a l u a t i o n and f u r t h e r 
deve lopment of t h e s e n u m e r i c a l p r o c e d u r e s . As wi th the o n e - d i m e n s i o n a l 
s t u d i e s , the f a c t o r i z a t i o n me thod is be ing e v a l u a t e d as a m e a n s of ob ta in ing 
an a p p r o x i m a t e so lu t ion and as a m e a n s of a c c e l e r a t i n g the so lu t i on of the 
convent ional m u l t i g r o u p equa t ions . 

Another po ten t i a l app l i ca t i on of s p a c e - e n e r g y f a c t o r i 
zat ion is to spa t i a l l y -dependen t u l t r a f i n e - g r o u p (~2000) s p e c t r u m c a l c u l a 
t ions for c r o s s - s e c t i o n a v e r a g i n g . As a f i r s t s t ep t o w a r d s th i s a p p l i c a t i o n , 
the o n e - d i m e n s i o n a l code u s e d in p r e v i o u s s t u d i e s has b e e n e x t e n d e d to 
a c c o m m o d a t e a p p r o x i m a t e l y 200 g r o u p s . The s p a c e - e n e r g y f a c t o r i z a t i o n 
method has y ie lded exce l l en t r e s u l t s for s e v e r a l t yp i ca l f a s t - r e a c t o r 
p r o b l e m s wi th th i s type of g roup s t r u c t u r e . F o r e x a m p l e , a c a l c u l a t i o n wi th 
15 shape- func t ion i n t e r v a l s , which r e q u i r e d 2.1 m i n ( IBM-360) , had an e r r o r 
in kgff of 0.0009 r e l a t i v e to the d i r e c t so lu t ion of the 165 -g roup diffusion 
equa t ions , which r e q u i r e d 9.75 m i n . When the f i s s i o n s o u r c e f r o m the f a c 
t o r i z a t i o n solut ion was u s e d as an in i t i a l g u e s s to a c c e l e r a t e the m u l t i g r o u p 
solut ion, the to ta l t i m e ( fac to r iza t ion p lus m u l t i g r o u p ) w a s 5,38 m i n . Use 
of the f i s s ion s o u r c e f rom the f a c t o r i z a t i o n so lu t ion r e d u c e d the n u m b e r of 
i t e r a t i o n s needed to converge the m u l t i g r o u p so lu t ion (Chebyshev a c c e l e r a t e d , 
keff conve rgence c r i t e r i o n 10"^) f r o m 42 to 14. The p o w e r - d i s t r i b u t i o n and 
r e a c t i o n - r a t e t r a v e r s e s p r e d i c t e d by the f a c t o r i z a t i o n s o l u t i o n a g r e e d qui te 
wel l with the d i r e c t m u l t i g r o u p p r e d i c t i o n s , for a m o d e l c o n s i s t i n g of two 
core reg ions s e p a r a t e d by a b lanke t and wi th an o u t e r b l a n k e t . 

The r e s u l t s ind ica te tha t the s p a c e - e n e r g y f a c t o r i z a 
tion method has c o n s i d e r a b l e po ten t i a l , both as an a p p r o x i m a t e m e t h o d and 
as a m e a n s of a c c e l e r a t i n g the c o n v e r g e n c e of a d i r e c t s o l u t i o n by p r o v i d i n g 
a gocjd source g u e s s . In p a r t i c u l a r , the m e t h o d m a y m a k e f e a s i b l e u l t r a -
fine (~2000)-group ID codes and b r o a d ( 2 0 - 3 0 ) - g r o u p 3D c o d e s wi th r e a s o n 
able computa t iona l t i m e s . 

(b) Spat ia l Synthes i s (V. Luco) 

,, Tes t ing of the flux s y n t h e s i s c a p a b i l i t i e s of the SYN2D 
flux syn thes i s module has cont inued, us ing the s a m e highly n o n s e p a r a b l e 
t Tc^iTl ' ^""^ ig^^^t i""* ( d e s c r i b e d m P r o g r e s s R e p o r t for A p r i l -
May 1970, ANL-7688 , p . 156). As l a s t r e p o r t e d , a h igh d e g r e e of a c c u r a c y 

The asymmetric configuration with cores imbedded in the upper left and lower right corners of a large 
rectangular reflector region, ^ 
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in kgff and satisfactory fluxes were obtained using as t r ia l functions flux 
profiles from a 2D-diffusion calculation over the same configuration. Sev
era l calculations using t r ia l functions obtained from one-dimensional dif
fusion calculations have recently been completed. 

The t r ia l functions used a re : 

Functions 1 and 1'. These are ID fluxes calculated 
using either the top (1) or bottom (1') portions of the Merr iman configura
tion; a slab with two regions (core and reflector). 

Functions 2 and 2' . These are ID fluxes obtained 
with an external source located in the reflector region with a strength pro
portional to the fission source in the other (top or bottom) region. These 
are source calculations with the fission cross section set to zero. 

Functions 3 and 3 ' . Same as 2 and 2' except that here 
the fission cross section is only reduced in magnitude, rather than set to 
zero. 

Function 4. This is a symmetric ID flux with two 
outside core regions and a central reflector region obtained by averaging 
the top and bottom regions. The core compositions are now a mixture in 
equal proportions of core and reflector. 

All the calculations reported here used the same tr ial 
functions throughout the reactor . Table II.A.l summarizes some of the 
results obtained in these ser ies of synthesis calculations. 

TABLE II.A.l. Synthesis Results for 
Merriman Configuration 

Case 

1 

2 

3 

4 

5 

6 

Trial 
Functions 

1, 1', 4 

1, 1', 2, 2-

1, 1'. 3, 3-

1, 1', 2, V , 4 

Two 2D trial 
functions 

eff 

1.055753 

1.054683 

1.101779 

1.103428 

1.107937 

1.1084 

eff 

0.052859 

0.053929 

0.006833 

0.005184 

0.000675 

0.0001 
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C a s e 1 is the e q u i v a l e n t of the c a s e r e p o r t e d b e f o r e , 
us ing 2D in s t ead of ID t r i a l func t ions . The p r e s e n t r e s u l t s show t h a t t h e s e 
two ID t r i a l functions above a r e qui te u n s a t i s f a c t o r y . As can b e s e e n f r o m 
Table I I .A . l , the b e s t a p p r o x i m a t i o n ob ta ined , t ha t of C a s e 5 w i t h five ID 
t r i a l funct ions, is s a t i s f a c t o r y bu t a p p r e c i a b l y l e s s a c c u r a t e t h a n the 2D 
t r i a l function ca se (Case 6). 

Given "good" t r i a l func t ions , the s y n t h e s i s m e t h o d 
p e r f o r m s wel l , but the p r e s e n t r e s u l t s i nd i ca t e t h a t the t a s k of f inding "good" 
t r i a l functions by ID c a l c u l a t i o n s for e x t r e m e c o n f i g u r a t i o n s l ike the one 
d e s c r i b e d h e r e is not an e a s y one . This con f igu ra t i o n w a s s p e c i f i c a l l y 
chosen b e c a u s e of the an t i c i pa t ed diff iculty in s y n t h e s i z i n g a so lu t ion , and 
is not typ ica l . 

(iii) R e a c t o r Compu ta t i on and Code D e v e l o p m e n t 

L a s t R e p o r t e d : A N L - 7 7 2 6 , pp . 9 1 - 1 0 1 (July 1970). 

(a) Ca lcu la t ion of E l a s t i c S c a t t e r i n g M a t r i c e s for MC -2 
( B . J . Toppel and C. G. S t e n b e r g ) 

The g e n e r a l a p p r o a c h for the c a l c u l a t i o n of e l a s t i c 
s ca t t e r ing m a t r i c e s for MC^-2 out l ined in A N L - 7 7 2 6 w a s fo l lowed. A change 
in notat ion has been m a d e to f ac i l i t a t e c l a r i t y . All c a p i t a l l e t t e r s r e f e r to 
ul t raf ine g roup (ufg) c h a r a c t e r i s t i c s and a l l l o w e r - c a s e l e t t e r s r e f e r to 
hyperfine group (hfg) c h a r a c t e r i s t i c s . 

C o n s i d e r NQ to be the n u m b e r of hfg p e r ufg and 
'^s (-^i""^) *^e PQ s c a t t e r i n g f r o m e n e r g y Eĵ  a t the top of hfg i w i th in 
ufg J into hfg k within ufg K. Ej c o r r e s p o n d s to the e n e r g y a t the top of 
the ufg J, and Ej^ +i c o r r e s p o n d s to the e n e r g y a t the b o t t o m of ufg J . A c 
cumulat ing the PQ s c a t t e r i n g over the r e c e p t o r g roup K f r o m the e n e r g y Eĵ  
g ives 

^om ( E i ^ K ) = ^ a ° " ' ( E i ^ k ) . (1) 

k = i 

The Po e l a s t i c s c a t t e r i n g c r o s s s e c t i o n f r o m ufg J to ufg K, b a s e d on 
t r apezo ida l i n t eg ra t i on over the hfg 's wi th in the s o u r c e ufg J , i s t h e n 

NO 

a om 

( E t - K ) + a ° " ^ ( E r , ^ , , ^ K ) + 2 ^ a ^ E i - K) 

" ^ J - K 2N„ • (2) 
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F o r s c a t t e r i n g into the l a s t ufg r e c e p t o r g roup K, E q . 2 m u s t be mod i f i ed 
to c o r r e c t l y a c c o u n t for the p a r t i a l con t r i bu t ion of the s c a t t e r i n g f r o m the 
h i g h e s t e n e r g e t i c a l l y p o s s i b l e hfg i in the ufg s o u r c e g r o u p J . The PQ 
e l a s t i c t r a n s f e r for s c a t t e r i n g into the l a s t ufg r e c e p t o r g r o u p K is t h e n 
g iven by 

om 

No 
. + I - K ) + 2 X a ° " ' ( E , - K ) - ( l - l „ ^ - ^ + l „ | ^ ) a r ( E i + , - K ) (3) 

w h e r e Ej^_j i s the e n e r g y a t the top of ufg K. 

The P j e l a s t i c t r a n s f e r c r o s s s e c t i o n was e v a l u a t e d 
in a s i m i l a r m a n n e r . If e n e r g i e s E i and Ej,. a r e the midpo in t e n e r g i e s of 
the hfg i n t e r v a l s in the s o u r c e and r e c e p t o r g r o u p , r e s p e c t i v e l y , t hen 

'^\Uz E. 
( A m + i ) - ^ ( A m . 1) (Ei - k) (4) 

was t a k e n a s the P j s c a t t e r i n g f r o m e n e r g y E i a t the top of hfg i wi th in 
ufg J in to hfg k wi th in ufg K. The P j s c a t t e r i n g is a c c u m u l a t e d over the 
r e c e p t o r g r o u p in a m a n n e r s i m i l a r to the PQ s c a t t e r i n g g iven in E q . 1. 
The P ] e l a s t i c t r a n s f e r i n t e g r a t i o n over the ufg s o u r c e g r o u p J i s s i m i l a r 
to tha t g iven in E q s . 2 and 3. 

R e s u l t s of the PQ and P j e l a s t i c s c a t t e r i n g u s ing t h i s 
ine thod w e r e ob ta ined for v a r i o u s m a s s e s and a t v a r i o u s e n e r g i e s to d i s p l a y 
the in f luences of a n i s o t r o p y and m a s s on the k i n e m a t i c s of the s c a t t e r i n g . 
The m a i n p a r a m e t e r of i n t e r e s t is the n u m b e r of hfg p e r ufg. In the o r i g i 
nal MC^ c o d e , * t h e r e is one hfg p e r ufg. 

When i n t e g r a t i n g the s c a t t e r i n g p r o b a b i l i t y a c r o s s the 
s o u r c e ufg J to ob ta in a° , and a ' "" for a l l p o s s i b l e u l t r a f ine 

'̂  j-*j-i-N *̂  J - J - ^ N 
r e c e p t o r g r o u p s N, one would l ike to m i n i m i z e the n u m b e r of hfg ' s p e r ufg 
in the i n t e g r a t i o n in o r d e r to m i n i m i z e c o m p u t e r t i m e whi le at the s a m e 
t i m e a c c e p t i n g a c e r t a i n m a g n i t u d e of e r r o r . 

In Table I I .A.2 , the p e r c e n t a g e e r r o r s in the c a l c u l a 
t ion of the e l a s t i c t r a n s f e r c r o s s s e c t i o n s as a funct ion of hfg p e r ufg a r e 
d i s p l a y e d r e l a t i v e to 20 hfg 's p e r ufg. The e n e r g y of the s o u r c e ufg J w a s 
c h o s e n to be 6.11 MeV in o r d e r to i l l u s t r a t e an e x t r e m e c a s e (high d e g r e e 
of a n i s o t r o p y ) . The p e r c e n t a g e e r r o r shown in e a c h c a s e is the l a r g e s t 

*B. J. Toppel, A. L. Rago, and D. M. O'Shea, MC ,̂ A Code to Calculate Multigroup Cross Sections. 
ANL-7318 (June 196T). 
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TABLE n.A.2. Errors in Elastic Scattering Transfer Cross Sections 

(EJ = 6.11 MeV) 

* Tlie wei^ted error in the P. scattering fron source ufg J i s 

I 
i error i i i \ 
ufg N for I 

VPQ scatteringy ^''j^J+N 

N=N'" 
max I 

N-0 

Material 
m 

Be' 

Bio 

C" 

0 " 

Na" 

fe56 

Q J " 

Mo« 

Pu239 

Percentage 
error in 

0" 
°el 

2.5 
1.1 
0.7 

IS.O 
0.5 
1.6 

16.0 
2.5 
1.2 

18.0 
5.0 
0.9 

8.5 
3.4 
1.9 

20.0 
5.0 
2.2 
1.2 

22.0 
9.2 
4.7 
2.4 

98.0 
13.0 
7.2 
3.0 

200.0 
4.5 
0.8 
0.3 

Percentage 
error in 

im 
°el 

3.1 
1.2 
0.7 

15.0 
0.6 
1.6 

16.0 
2.6 
1.3 

19.0 
5.3 
1.0 

10.0 
3.8 
2.1 

25.0 
6.4 
2.8 
1.6 

27.0 
10.0 
5.5 
3.0 

100.0 
16.0 
9.2 
3.9 

280.0 
12.0 
2.3 
0.9 

Total nuitiber 
of hfg 

scattered 

54 
108 
162 

49 
98 

146 
41 
81 

122 

31 
61 
91 

22 
43 
64 

9 
18 
27 
35 

8 
16 
23 
31 
6 

16 
21 
31 

3 
21 
33 
37 

Number of 
hfg/ufg 

1 
2 
3 
1 
2 
3 
1 
2 
3 

1 
2 
3 
1 
2 
3 
1 
2 
3 
4 

1 
2 
3 
4 
1 
3 
4 
6 

1 
10 
16 
18 

Wciglitcd error 
for PQ 

scattering 

0.35 
0.09 
0.04 
0.53 
0.09 
0.06 
0.58 
0.13 
0.05 
2.20 
0.57 
0.20 
3.00 
0.76 
0.34 

17.00 
4.40 
1.90 
1.10 

23.00 
5.10 
2.20 
1.30 

45.00 
5.80 
3.20 
1.40 

68.00 
1.50 
0.28 
0.12 

Weiglitcd e r ror 

f"-̂  Pi b sca t te r ing" 

0.S2 
0.13 
0.06 
0.84 
0.15 
0.09 
0.95 
0.20 
0.09 
3.70 
0.96 
0.34 
4.50 
1.10 
0.51 

22.00 
5.80 
2.60 
1.40 

28.00 
6.40 
2.80 
1.60 

54.00 
8.20 
4.60 
2.00 

82.00 
2.60 
O.SO 
0.21 

'e l ̂J+J+N 

Tlie weighted error in the Pĵ  scattering from source ufg J i s 

N = N " 
max 

I 
N=0 

% error i n \ .i 
ufg N for o^ 

N=N"' max 
I 

N=0 'e l 
•J-KJ+N 

elr. Pj scattering / V-̂ J+N 
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e r r o r encountered for all possible ultrafine receptor groups. For ' " B , the 
scattering probability for the next to the last receptor group, when inte
grated across the ultrafine source group, produced converging oscil latory 
values as the number of hfg's per ufg increased. This occurrence was just 
due to the part icular shape of the scattering probability across the source 
group. For the light elements (e.g., beryllium, boron, carbon, oxygen, and 
sodium) the maximum e r ro r in the elastic transfer cross sections always 
occurred with the scattering into the next to the last receptor group. The 
next la rges t e r r o r resulted from the in-group scattering, N = 0. All other 
receptor groups for these light elements (even for 1 hfg per ufg) had e r r o r s 
of less than 1%. 

Table II.A.2 also displays a measure of the weighted 
e r r o r in the Pg and Pi transfer cross sections in scattering from the 
source ufg. The e r ro r for each receptor group was weighted by the frac
tion of its contribution (relative to 20 hfg's per ufg) to the total scattering 
from the ultrafine source group The e r ro r displayed was obtained by 
summing the weighted e r r o r for each ultrafine receptor group. Note that 
in the footnotes of Table II.A.2, the total number of hfg's scattered for 
mater ia l m when there is one hfg per ufg is denoted by N " ^ . The 
weighted e r r o r gives a measure of the overall accuracy of the calculation. 
For example, the light mater ia l s have a large e r ro r in the next to last 
receptor group, but the weighted e r ro r for these mater ia ls is small because 
the contribution of the next to last receptor group is small 

For all mater ia ls at energies where the scattering is 
isotropic in the center-of-mass system, the calculation of the PQ and Pj 
elastic t ransfer c ross sections, using one hfg per ufg, resulted in e r r o r s 
of less than 1% for almost all ultrafine receptor groups. The weighted 
e r r o r in scattering from the source ufg was alwavs less than 1.5%. 

For the new MC''-2 code, the probable requirement 
for the number of hfg's per ufg for the calculation of the Po and Pj elast ic 
t ransfer c ross sections for an accurate and comparably fast computer 
running time are : one hfg per ufg for all mater ia l s when scattering is i so
tropic in the center of mass system; one hfg per ufg for mater ia l s lighter 
than and including sodium when scattering is anisotropic; two to four hfg's 
per ufg for mater ia l s heavier than sodium but lighter than mass 161 amu 
when scattering is anisotropic. For masses greater than 161 amu, use the 
heavy m a s s approximation (see pp. 91-95 of P rogress Report for July 1970, 
ANL-7726) for all scat ter ing. 

In the final analysis, the number of hfg's per ufg to be 
used for the different mater ia l s in the calculation of the elastic t ransfer 
mat r ices will depend on the testing of the new MC^-2 code. How the number 
of hfg's per ufg affect the values of the cross sections and buckling will 
determine how relaxed this number can be without compromising the accu
racy of this new code. 
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(b) Data Management Change in BPOINTER 
( B . J . Toppel and H. Henryson II) 

A new data-management strategy has been incorpo
rated into the dynamic allocation routine BPOINTER* in the ARC system 
with regard to the purging of a r r a y s . The automatic purging of a r r ays was 
too costly if a user chose to use a small main-core a r ray and a large 
bulk-core ar ray . The new strategy calls for the automatic purging of an 
array only after an attempt has been made to allocate storage in both main 
and bulk core. Before the change, purging took place directly after at
tempting to allocate the a r ray in main core . Consequently, the change may 
degrade the efficiency of modules which relied on this attr ibute, since 
arrays previously allocated to main core may now be placed in bulk. If no 
bulk core is used by a module, the change would be t ransparent to the 
module. 

A "bug" has been found and corrected in the 1-D t r ans 
port module NUC003. The e r r o r affected problems run using a white 
external-boundary condition. 

The cataloged procedures resident on the AMD proce
dure l ibrary used in the management of ARC system l ib ra r ies have been 
corrected to eliminate an e r r o r . If a number of job steps were run con
currently, the failure of one compilation step could affect the load module 
produced in a later step. The e r r o r was corrected by incorporating a 
dummy step into the procedures which invoked the initiator to delete data 
sets related to the job step that had failed. 

2. Nuclear Data 

a. Burnup Analysis and Fission Yields for Fast Reactors 
(C. E. Crouthamel and R. P . Larsen) (189a 02-083) 

(i) Determination of Fas t Fission Yields and Nonfission 
Nuclear Transformations in a Fast Reactor 

Last Reported: ANL-7705, pp. 139-141 (June 1970). 

(a) Long-term Irradiation in EBR-II. The long- term i r 
radiation in^EBR-II of encapsulated samples of "^Th, " ' u , "^U, ^^U, " ' N p . 

Pu, and ^*°Pu (see Progress Report for April-May 1969, ANL-7577, 
pp. 139- 141) has been completed. This irradiation, which was ca r r ied out 
in Stibassemblies XOlS, X018A, and X018B (consisting pr imar i ly of s t ruc
tural materials), began in December J966, and the samples were removed 
from the reactor in September 1970. (This removal date is nearly a year 
sooner than originally expected.) The subassembly occupied a position in 
^ -—— 
A. S. Kennedy, Pointr, A Dynamic Storage AUocalion Program. TM-98 (Feb 1967). 
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Row 2 for the first half of the irradiation and a position in Row 4 for the 
second half. Two sets of samples were irradiated, one in the core at about 
the vert ical centerline, and the other in the axial blanket. These samples 
will be chemically analyzed to establish (1) the fast-fission yields of burnup 
monitors for fast reac tors as well as yields of other fission-product nu
clides that are of in teres t to the fas t - reactor program, e.g., the krypton 
and xenon isotopes, and (2) the isotopic abundances of nuclides formed by 
nonfission nuclear t ransformations. The estimated burnups of the fissile 
nuclides are 20-25% for the samples i rradiated in the core and 10-15% for 
the samples i r radia ted in the axial blanket. Burnup values of these magni
tudes will enable the number of fissions (from pre- and post irradiat ion 
actinide element analyses) to be determined with an accuracy of ±0.5%. It 
is expected that the analysis of these samples will be initiated about 
September 1971, 

(b) Determination of Fas t -F iss ion Yields. A new method 
for determining the number of fissions that occur in a fas t - reactor fuel was 
described previously in ANL-7705. A low-power (10-kW) irradiat ion of 
mica fission t rack detectors (mica disks in contact with nanogram amounts 
of the fissile nuclide) and of gram amounts of the fissile nuclide is con
ducted to establish a factor relating the activity of a part icular fission prod
uct (e.g., '^Zr) to the number of fissions. The number of fissions occurring 
in a longer i rradiat ion at full reactor power can then be determined from 
this factor and a measurement of the '^Zr activity. This determination, 
along with analyses for long-lived or stable fission products, would provide 
the necessary data for calculating the yields of these fission products. 

Low-power irradiations conducted in the EBR-II mock-
up experiments in Assemblies 60 and 61 of ZPR-3 have been previously 
described (see ANL-7705). A major objective of these irradiat ions was to 
provide '^Zr-to-f issions factors for 2- to 3-month irradiat ions of ^^^U, ^^*U, 
and ^^'Pu to be car r ied out in EBR-II- The completion of the long-term 
irradiat ions in EBR-II (discussed above) nearly a year sooner than antici
pated has obviated the need for the shorter i rradiat ion in EBR-II. The f is
sion yields obtained by the analysis of the long-term irradiat ions will be 
more accurate , and the acquisition of the data will not be appreciably 
delayed. 

The irradiat ions in Assemblies 60 and 61 of ZPR-3 
also offered the opportunity (1) to make direct measurements of the fission 
yields of short- l ived fission products and (2) to determine the effect of 
neutron energy on fission yields in the neutron spectra of EBR-II. The 
direct measurement of these fission yields is of par t icular importance to 
(n, f) dosimetry measurement s . Presen t pract ice is to measure the activity 
of a par t icular short- l ived fission product, e.g., "°Ba (13d), and to calcu
late the number of fissions using the l i terature value for the yield of the 
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stable end-of-chain fission product, ""Ce (stable). (The assumption that 
the two yields are the same is based on mass -cha rge distribution theory.) 
There are indications from the data obtained to date that these yields a re 
not the same in several important cases , and it is therefore necessa ry to 
measure directly the yields of the fission products being used in the do
simetry programs. 

Gamma-spect rometr ic measurements of the TJ, U, 
and ^^'Pu foils i rradiated in Assemblies 60 and 61 of ZPR-3 have now been 
completed, the foils have been weighed, and the activities per g ram of 
fissile nuclide are being calculated. For Assembly 60, the activities of 
«Zr (65d), ' "Ru (42d), '^'l (8d), '^^Te (77h), and '*°Ba (I3d) were deter 
mined. For Assembly 61, the same activities, as well as the activities of 
' 'Z r (17 h), '°^Rh (36 h), ' " l (2 lb) , '̂ ^I (6.7 h), and '^'Ce (33 h), were m e a s 
ured. These shorter-l ived activities could not be measured for the 
Assembly 60 samples because of a malfunction of the multichannel ana
lyzer system. 

Absolute fission yields cannot be calculated until anal
ysis of the fission-track detectors is completed; however, the calculation 
of relative fission yields for the ^̂ ^U samples from Assembly 60 has led to 
the tentative conclusion that the fission yields do not vary significantly with 
neutron energy in EBR-II. (The core, interface, and blanket positions of 
the Assembly 60 irradiations correspond approximately to Rows 2, 7, and 
12 of the present loading of EBR-II.) These relative fission yields were 
calculated by dividing the number of atoms of a par t icular nuclide (at zero 
time out of the reactor as calculated by the computer program) by the value 
obtained for '*°Ba. Barium-140 was chosen as the reference nuclide for 
two reasons: (1) Previous measurements of the fission yield of its stable 
daughter, '^''Ce, had indicated that the difference between yields in a ther
mal spectrum and a fast spectrum (EBR-I) is minimal (less than 2%, 
relative), and (2) the precision of the '^°Ba data is superior to that obtained 
for any other nuclide. The calculation of the relative fission yields are 
summarized in Table II.A.3. 

TABLE II.A.3, "Sy Figgjon Yields of ' ' Z r , ' " R U , " ' I , and 
to ''*°Ba as a Function 
Assembly 60, ZPR-3 

Te Relative to ''*°Ba as a Function of Location in 

Location " Z r '"^Ru ^̂ l̂ '^^Te 

Core 1.117 0.553 0.561 0.760 
Interface 1.101 0.551 0.548 0.765 
Blanket 1.120 0,548 0.550 0.746 

Er ro r (la) ±0.010 ±0.005 ±0.006 ±0.015 

0.553 
0.551 
0.548 
0.005 

0.561 
0.548 
0.550 

+0.006 
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Within the limits of e r ro r given in Table II.A.3, the 
relative fission yields show no change in going from the neutron spectrum 
of the core to that of the blanket. Of particular importance is the close 
agreement of the '°^Ru and '^'l values. These nuclides are on descending 
and ascending portions of the mass -versus -y ie ld curve, the yields of such 
nuclides a re much more dependent on neutron energy than the nuclides on 
the peaks of the curve, e.g., '^Zr. 

The relative fast fission yield values reported in 
Table II.A.3 are now being compared with thermal yield values. Foils of 

U and ^^'Pu have been irradiated in a thermal flux, and these foils are 
now being assayed gamma-spectrometr ical ly for the same fission-product 
nuclides . 

b . Reactor Code Center (M. Butler) (189a 02-085) 

Last Reported: ANL-7742, p. 98 (Sept 1970). 

Eleven program packages were added to the l ibrary this month. 
Nine of these are prepared for the CDC 6600 machine, one is an IBM 
360 program, and one a UNIVAC 1108 version. 

In accession number order, the ne^v program packages a re : 

ACC No 358, TWOTRAN, a general geometry version of the 
two-dimensional multigroup discrete-ordinates program supplied by LASL. 
This CDC 6600 version uses the extended core storage to solve problems 
in x,y and cylindrical r,0 and r,z geometr ies . 

ACC No. 368, FLANGE2, a UNIVAC 1108 version of the program 
that uses the ENDF/B scattering-law data to compute thermal c ross sections 
and scattering mat r i ces . Gulf General Atomic submitted this package. 

ACC No. 427, F A R E D / R E T A P , a one-dimensional fas t - reactor 
design and analysis package prepared for the CDC 6600 by the Babcock and 
Wilcox Company. 

ACC No. 428, DOGGY, designed to perform the more frequent 
desk-calculator functions with tabular or graphical output. Fifty ari th
metic, t r igonometric , and special functions are incorporated in this Knolls 
Atomic Power Laboratory program prepared for the CDC 6600 

ACC No. 429, ASPIS, computes gamma-ray buildup factors for 
multi laminar slab geometry from plane, monodirectional, and slant sources . 
This shielding program, written for the CDC 6600, was contributed by the 
Bettis Atomic Power Laboratory. 
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ACC No. 434, H E A T M E S H , a Sandia Corporation, L ivermore , 
program used to generate the geometrical data required for hea t - t ransfer 
studies in conaplex s t ructures represented as surfaces of revolution. This 
code was written for the CDC 6600. 

ACC No. 435, BURSTl, a LOFT program package which calcu
lates the spatial distributions of p res su re , mass velocity, and enthalpy 
within a PWR primary-coolant system during subcooled blowdown. This 
IBM 360 version was developed by Phillips Petroleum Company. 

The last four were all written at the Knolls Atomic Po'wer 
Laboratory for the CDC 6600 computer. ACC No. 422, SIMPLE 1, is an 
algebraic programming language developed for interactive time sharing; 
ACC No. 444, ROPE, calculates roots of polynomials; ACC No. 445, 
LIZARD4, solves nonlinear ordinary differential equations; and 
ACC No. 446, MOST, is a function minimization algorithm. 



B. Reactor Fuels and Materials Development 

1. Fuels and Claddings 
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a. Behavior of Reactor Materials (189a 02-086) 

(i) Thermal Gradient Migration of Pores in UO2 (R. O. Meyer 
and J. C. Voglewede) 

Last Reported, ANL-7679 pp. 115-117 (Mar 1970). 

The migration of the residual pores left after sintering was 
observed in two polycrystalline specimens after annealing. Specimen 120 
was 95% of theoretical density and had a grain size of about 5 /i- It was an
nealed for about 20 min in a gradient of 1005°C/cm with a maximum speci
inen temperature of about 2100°C. However, several unrecorded temperature 
excursions occurred so that the effective time of the anneal may have been 
longer than 20 min. Gross restructuring occurred near the hot end of this 
specimen. Microstructures before the anneal and near the hot end of the 
specimen after the anneal are shown in Fig, II.B.l. The appearance of 
columnar-grain growth and the formation of large lenticular voids a re ap
parent. This directionally restructured region is limited to the top 1 mm 
of the specimen, which was above 2000°C. 

J.*^"'«;''">'y'' 

?r f^" 
u 

'^ir^r 
•-ynj 

%-'-r- 4.'--
50yu. 50fJL 

Before Annealing After Annealing (High Temperature 
Is at Top in Photo) 

Fig. II.B.l. Pore Migration and Restructuring in a UO2 Sample Annealed 
in a Temperature Gradient. Neg. No. 53386. 

S p e c i m e n 191 was 97.7% of t h e o r e t i c a l dens i ty , had a g r a i n 
s i ze of about 30 [i, and was a n n e a l e d for 1 h r in a g r a d i e n t of 1 0 4 1 ° c / c m with 
a m a x i m u m s p e c i m e n t e m p e r a t u r e of 1935°C. D i r e c t i o n a l r e s t r u c t u r i n g 
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o c c u r r e d w i t h i n t h e 100-pi r e g i o n a d j a c e n t t o t h e h o t e n d of t h e s p e c i m e n . I n 

t h i s z o n e e l o n g a t e d g r a i n s f o r m e d , a n d t h e p o r e c o n t e n t d e c r e a s e d c o n s i d e r 

a b l y b e l o w t h e l e v e l r e m a i n i n g i n t h e c o o l e r r e g i o n s . 

T h e v e l o c i t y of s i n t e r p o r e m i g r a t i o n c a n b e p r e d i c t e d b y 

a s s u m i n g e i t h e r a s u r f a c e - d i f f u s i o n o r a v a p o r - t r a n s p o r t m e c h a n i s m . F o r 

s u r f a c e d i f f u s i o n . t 

26DJQ* ,T, 
s s d l / , \ 

Vs = r- :r- ^^' 
s j .Rx^ dx 

w h e r e T i s t h e t e m p e r a t u r e , r i s t h e r a d i u s of t h e p o r e , a n d R i s t h e g a s 

c o n s t a n t . F o r v a p o r t r a n s p o r t , + 

2 p ^ Q A H ^ / 2 R T 

3PS12RT 
— / ' — - i - ^ — (Z) 
77 \ M i "̂  M 2 J d x • ^ ' 

w h e r e t h e e x p r e s s i o n f o r d i f f u s i o n i n a t w o - g a s m i x t u r e w a s o b t a i n e d f r o m 

Jeans."'^T T h e r e m a i n i n g s y m b o l s in E q s . 1 a n d 2 a r e d e f i n e d a n d a s s i g n e d 

q u a n t i t a t i v e v a l u e s i n T a b l e I I . B . l . I t i s u s u a l l y a s s u m e d t h a t t h e t o t a l 

T A B L E I I . B . l . Def ini t ion of Q u a n t i t i e s U s e d in C a l c u l a t i o n s 

Symbol Defini t ion Value 

°(a) 
6 Depth of diffusing l a y e r 3 A^ ' 

D* Sur face-d i f fus ion coeff ic ient 5.7 x 10^ e x p ( - 1 0 8 , O O O / R T ) c m ^ / s e c ' ^ ' 

Q* Sur face hea t of t r a n s p o r t 100 k c a l / m o l e - d e g l ' ^ ' 

P ^ E q u i l i b r i u m v a p o r p r e s s u r e e x p ( 3 9 . 4 / R ) e x p ( - 1 4 3 , 1 O O / R T ) atm'"^' 

fl M o l e c u l a r vo lume 4.09 x 10"^^ c m ' 

AH,,, Hea t of v a p o r i z a t i o n 143,100 c a l / m o l e - d e g l ' ^ ' 

S,2 Col l i s ion c r o s s - s e c t i o n a r e a 38.5 x 1 0 " " cm^ 

Ml Molecu la r m a s s of gas in bubble 

M2 Molecu la r m a s s of UO^ 270 g / m o l e 

y Surface energy 600 e r g / c m " ^ ' 

J^'Value a s s u m e d . 

P . S. Maiya . to be submi t t ed to J . Nuc l . M a t e r . 
^ "^^l^e a s s u m e d (see P r o g r e s s R e p o r t for M a r c h 1970, A N L - 7 6 7 9 , p . 115). 
e) • '^ ' ' '^ ' '^ ' 'a^'" and P . D. Hunt, J . Nucl , Mate^r. 3±, 86 (1970). 
' ' 'Ca lcu la ted f rom l a t t i ce p a r a m e t e r of 5.470 A. 

Calcula ted f rom a s s u m e d i m p a c t p a r a m e t e r of 3.5 A. 

TF. A. Nichols, J. Nucl. Mater. 30, 143 (1969). 
James H. Jeans, An Introductton to the Kinetic Theory of Gases, MacMillan Co., New York (1940). 
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p r e s s u r e P in a s e a l e d p o r e is in e q u i l i b r i u m with the s u r f a c e t e n s i o n of 
the p o r e and is t h e r e f o r e equa l to 2 7 / r (7 is a l s o l i s t e d in T a b l e I I . B . l ) . If 
a 10-f i -dia p o r e f i l led wi th hyd rogen (the s p e c i m e n s w e r e o r i g i n a l l y s i n t e r e d 
in hyd rogen ) is a s s u m e d to be s e a l e d , and if the p o r e is a t 2000°C in a t e m 
p e r a t u r e g r a d i e n t of 1000°C/cm, then E q s . 1 and 2 p r e d i c t a m i g r a t i o n r a t e 
of 0.1 f i / h r for a s u r f a c e - d i f f u s i o n m e c h a n i s m and 2.6 )-i/hr for v a p o r t r a n s 
p o r t . S ince P is i n v e r s e l y p r o p o r t i o n a l to r , and Vy is i n v e r s e l y p r o p o r 
t iona l to P , v a p o r t r a n s p o r t is l ike ly to be the dominan t m i g r a t i o n m e c h a n i s m 
for l a r g e p o r e s ; m o r e o v e r , once th is m e c h a n i s m b e c o m e s dominan t , a con 
t inued i n c r e a s e of ve loc i t y i s p o s s i b l e as bubb les c o a l e s c e and g row. 
N i c h o l s * has app l i ed Eq. 2 to r e s t r u c t u r i n g , and the equat ion has been i n 
c o r p o r a t e d in L I F E - 1 * * for th i s p u r p o s e . The app l i cab i l i t y of Eq . 2 to r e 
s t r u c t u r i n g can be checked e x p e r i m e n t a l l y in the g r a d i e n t f u r n a c e , which 
can a l s o be u s e d to ve r i fy the t e m p e r a t u r e s a s s u m e d to e x i s t a t the i n t e r 
face b e t w e e n the zones of c o l u m n a r and equ iaxed g r a i n s in a fuel e l e m e n t . 
To a c c o m p l i s h t h e s e goa l s , the s p e c i m e n s should be a n n e a l e d in a t e m p e r a 
t u r e g r a d i e n t for l o n g e r p e r i o d s of t i m e . 

In add i t ion to the t e x t u r a l changes shown in F i g , I I . B . l , a 
zone of c o l u m n a r g r a i n s f o r m e d on the cold s ide of the 0 . 3 - m m - d i a d r i l l 
ho le s u s e d a s b l a c k - b o d y c a v i t i e s for t e m p e r a t u r e m e a s u r e m e n t . Such a 
r e s t r u c t u r i n g s u g g e s t s that t h e s e l a r g e cav i t i e s m i g r a t e d in the t e m p e r a t u r e 
g r a d i e n t , and it is p o s s i b l e to e s t i m a t e a r a t e for the p r o c e s s . A t h e o r e t i c a l 
va lue for the r a t e can a l s o be c a l c u l a t e d f r o m Eq. 2 s i n c e v a p o r t r a n s p o r t i s 
c e r t a i n l y d o m i n a n t in th is c a s e , and the equa t ion a p p l i e s equal ly we l l to 
s p h e r i c a l and c y l i n d r i c a l c a v i t i e s . H o w e v e r , the cavi ty was open to the fu r 
n a c e a t m o s p h e r e ( a s s u m e d to be n i t r o g e n ) , which had a p r e s s u r e of about 
10"^ T o r r . T h i s f ixes P wi th in the cavi ty at the s a m e va lue , and, on th i s 
b a s i s , the m i g r a t i o n r a t e c a l c u l a t e d f r o m Eq. 2 for the ho t t e s t b l a c k - b o d y 
cavi ty in s p e c i m e n 191 is 45 x 10^ l^/hT:. T h i s i s 10^ l a r g e r than the ob
s e r v e d m i g r a t i o n r a t e ! E q u a t i o n 2 obvious ly f a i l s , and the faulty a s s u m p t i o n 
is tha t diffusion in the gas (at a v e r y low p r e s s u r e ) i s the r a t e - l i m i t i n g p r o 
c e s s . The s u b l i m a t i o n r a t e i s , in fact , the r a t e - l i m i t i n g p r o c e s s . T h e s u b 
l i m a t i o n r a t e is given by+ 

^^ ~- v'27rmkT ' ^^' 

w h e r e a i s the e v a p o r a t i o n coeff ic ient , m is the UO2 m o l e c u l a r m a s s , and 
Pv is the s a m e e q u i l i b r i u m v a p o r p r e s s u r e u s e d in Eq . 2. The m i g r a t i o n 
ve loc i ty , as d e t e r m i n e d by the s u b l i m a t i o n r a t e a lone , is 

V = j ^ n . (4) 

*F. A. Nichols, WAPD-TM-570 (Oct 1966). 
**V. Z. Jankus and R. W. Weeks, ANL-7736, LlFE-I, a FORTRAN-IV Computer Code for the Predicdon of 

Fast-reactor Fuel-element Behavior (to be published), 
tj. P. Hirth and G. M. Pound, Progress in Mater. Sci. U, 1 (1963). 
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Taking a = 1* in Eq. 3 g ives a m i g r a t i o n ve loc i t y of the s a m e o r d e r of m a g 
nitude as the va lue d e r i v e d f r o m the width of the r e s t r u c t u r e d zone a d j a c e n t 
to the cavity ( see Tab le I I .B .2) . S u b l i m a t i o n as a r a t e - l i m i t i n g s t e p o c c u r r e d 
because the to ta l gas p r e s s u r e P in the cav i ty was s m a l l . S u b l i m a t i o n wi l l 
not be a r a t e - l i m i t i n g p r o c e s s for s m a l l gas bubb le s in a fuel e l e m e n t . 

TABLE I I .B .2 . M i g r a t i o n of 0 . 3 - m m - d i a C y l i n d r i c a l C a v i t i e s 

C a l c u l a t e d M i g r a t i o n 
( s u b l i m a t i o n r a t e l i m i t e d ) , 

Ident i f icat ion M e a s u r e d M i g r a t i o n M/hr 

Spec imen 191 
(1772''C cavity) 

Spec imen 120 
(1834°C cavi ty) 

Spec imen 120 
(1726''C cavi ty) 

40 li/l h r 

60 / i / 2 0+ m i n 

5 / i / 2 0+ m i n 

17.6 

30.5 

4.9 

b . C h e m i s t r y of I r r a d i a t e d F u e l M a t e r i a l s (C. E. C r o u t h a m e l and 
C. E. Johnson) (189a 02-087) 

(i) P o s t - I r r a d i a t i o n S tud i e s of R e a c t o r F u e l s and C ladd ing 

L a s t R e p o r t e d : A N L - 7 7 2 6 , pp . 104-105 (July 1970). 

Work is cont inu ing on the e l e c t r o n - m i c r o p r o b e e x a m i n a t i o n 
of a UO2-20 wt % PuOj pe l l e t fuel , F 2 R , ob ta ined f r o m the G e n e r a l E l e c t r i c 
Labora to ry at V a l l e c i t o s . Th i s fuel had b e e n i r r a d i a t e d to 6.5 a t . % b u r n u p 
at 16 kW/ft. Ana lyse s have b e e n m a d e of m e t a l i n c l u s i o n s l o c a t e d along 
radi i extending f rom the void edge to t he cool end of the c o l u m n a r - g r a i n 
region. T h r e e di f ferent r a d i a l s e c t i o n s , a p p r o x i m a t e l y 120° a p a r t , have 
been analyzed. The m e t a l i n c l u s i o n s w e r e of i r r e g u l a r s h a p e and v a r i e d 
from 3 to 8 /im in s i z e . The i n c l u s i o n s c o n t a i n e d the n o b l e - m e t a l f i s s i on 
products molybdenum, t e c h n e t i u m , r u t h e n i u m , r h o d i u m , and p a l l a d i u m and 
smal l quant i t ies of i r o n . The da t a a r e given in T a b l e s I I . B . 3 - I I . B .5 w h e r e 
the e l ementa l c o n c e n t r a t i o n s in we igh t p e r c e n t a r e t a b u l a t e d a s a funct ion 
of rad ia l posi t ion. 

R. J. Ackermann, private communication. 
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TABLE II.B.3. Metal Inclusions in Mixed-oxide Fuel F2R, Section 1 

Radial 
Distance, 

m m 

0,30 
0,38 
0.84 
1.16 
1.45 
1.69 
1.91 
2.21 
3.17 

Mo 

Void edge 
55,4 
51.3 
47.9 
48,0 
43.2 
30.5 
45.5 

T c 

12.7 
8.6 

12.6 
14.2 
15.9 
19.5 
14.8 

Cladding edge 

Concentra t ion 

Ru 

21.5 
23.0 
29.4 
29.0 
31.5 
39.0 
31.3 

, wt % 

Rh 

5.0 
7 .3 

9.9 
8.2 

9 .1 
11.0 

8,1 

P d 

5,0 
9.2 
0.1 
0 .4 
0.1 
0.1 
0 .1 

F e 

0.5 
0.6 
0.2 
0.2 

0 .1 
0.1 
0.1 

TABLE II.B.4. Metal Inclusions in Mixed-oxide Fuel F2R, Section 2 

Radial 

m m 

0.24 
0.62 
0.94 
0.95 
1.20 
1.42 
1.65 
2.01 
3.12 

M o 

Void edge 
58.6 
56.8 
54.3 
49.2 
50.4 
38.0 
30.1 
Cladding e 

T c 

9.2 
10.3 
11.2 
13.0 
13.8 
18.3 
19.8 

idge 

Concentrat ion 

Ru 

21.7 
19.0 
21.6 
28.2 
26.9 
34.2 . 
39.0 

, wt % 

Rh 

5.6 
5.4 
6.0 
8.2 
8.2 
9 .3 

11.0 

P d 

4 .3 
7.7 
6 .5 
1.1 
0,6 
0.1 
0.1 

F e 

0.5 
0.7 
0,5 
0.3 
0.2 
0.1 
0.1 

TABLE II .B.5. Metal Inclusions in Mixed-oxide Fue l F2R, Section 3 

Radial 

m m 

0.31 
0.46 
0.62 
0.85 
1.12 
1.38 
1.69 
2.19 
3.18 

M o 

Void I 
62.4 
55.6 
54.6 
54.3 
48.1 
43.9 
34.4 
Cladd 

edge 

ing t 

T c 

9 .0 
12.5 
13.8 
12.3 
13.2 
15,9 
18.6 

:dge 

Concentrat ion, 

Ru 

19.8 
22.4 
22.8 
22.8 
29.0 
30.9 
36.9 

wt % 

Rh 

5.4 
5.0 

5.1 
6.2 
8.5 

8.9 
10.0 

P d 

2 . 8 
4 .0 
3.3 
4.0 
0,9 
0.1 
0.1 

F e 

0.5 
0 .5 
0.5 
0.4 
0.3 
0.2 
0.1 
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The data show that the concentrations of molybdenum, pal
ladium, and iron decrease from the central void to the cladding, whereas the 
concentrations of ruthenium, technetium, and rhodium increase . A com
parison of the experimental data with fission-yield data shows that the pal
ladium concentrations are much lower in relation to the other noble-metal 
fission products than calculations predict. The ratios for Mo: Tc: Ru: Rh, 
calculated from fission yields, are 6.2: 1.5: 3,8; 1.0. The experimental 
results are in good agreement with the calculated ratios for Tc: Ru: Rh 
throughout the whole region; however, the concentration of molybdenum is 
higher at the void edge and lower at the cooler end of the columnar-gra in 
region. 

The distribution of palladium and iron throughout the 
columnar-grain region is expected to be governed by t ranspor t of elemental 
vapor species, since both palladium and iron have significant vapor p r e s 
sures in the higher-temperature regions. The metall ic inclusions neares t 
the void edge were observed to have the largest palladium and iron contents. 
This finding is somewhat unexpected; from a knowledge of the vapor p r e s 
sures of palladium and iron, one might have expected these elements to con
dense in a cooler region. However, a s imilar increase in concentration 
near the void edge was observed for ^^Kr in F2R. (See P r o g r e s s Report for 
April-May, 1970, ANL-7688, pp. 173-176.) Po re sweeping toward the hotter 
end of the thermal gradient occurs in this region of the fuel, and the thermal 
gradient diminishes at the void edge. Thus, this region is a potential loca
tion for the pileup of gas-filled pores sweeping toward the void edge. With 
cracks in the fuel providing a communication link to the central void, pal
ladium, molybdenum, and iron vapor species found in the central void cavity 
may, upon slow cooling of the fuel, diffuse back into the fuel and condense as 
alloy inclusions near the void edge. The relatively small amounts of palla
dium and iron in the metal inclusions indicate that the t ranspor t of vapor 
back into the fuel has not been extensive. 

Studies of vibra-packed fuels (see P r o g r e s s Report for 
April-May, 1970, ANL-7688, p. 178) indicated that la rger quantities of ma
terial were transported to the equiaxed-grain region through the porous 
unrestructured zone. However, in F2R, vapor t ransport was, we believe, 
largely blocked by the higher density (~95% TD) of the unres t ructured 
region. Therefore, a shift in the distribution of all mater ia l t ransported 
by vapor-phase species toward the central void has resulted. 

'̂ ^ Thermodynamics of Carbide Fuel (A. D. Tevebaugh and 
P. E. Blackburn)(189a 02-088) 

(i) Total Vapor P r e s s u r e s and Carbon Potentials in the 
Ternary U-C-Pu System 

Last Reported: ANL-7726, pp. 105-107 (July 1970). 
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The carbon potentials and total p ressures of the U-Pu-C 
system are being investigated. Total p ressure of actinide metal species as 
well as carbon activity are being measured by a transpirat ion technique. 
Activity measurements over a wide range of temperature and with well-
defined composition are needed to establish reliable thermodynamic quan
tities and to define phase-boundary composition. In part icular , carbon-
activity data a re important in predicting possible carbon embrittlement of 
cladding by carbide fuel, the chemical state of fission products, and effects 
of additives on the propert ies of fast-reactor fuels. 

The study of the vaporization behavior of the uranium-
carbon system is continuing. Current emphasis has been placed on the 
effects of oxygen contamination in uranium carbide on the sys tem's uranium, 
carbon, and oxygen potentials. These studies a re important in establishing 
allowable levels of oxygen impurity in carbide fuels. Little is known about 
the stability and phase relations of the uranium-carbon-oxygen system. The 
oxycarbide phase was generally investigated in the presence of other phases 
such as U, UO2, U2C3, and UCj. 

Oxygen partial p ressure , carbon activity, and total p ressu re 
of uranium-bearing species were measured at 2355°K with a ca r r i e r gas 
having a CO partial p ressu re of ~4 Torr (balance helium) and a CO/CO^ ratio 
of ~ 5 X 10 . The composition of the uranium carbide charge (see ANL-7726, 
p. 106) was C /u = 0.96. The tentative results (Runs 101-1 and 101-2) a re 
summarized in Table II.B.6. The lower oxygen content (~ 1 at. %) of the 

T A B L E I I . B . 6 . T e n t a t i v e Va lues of C a r b o n Act iv i ty , Oxygen P a r t i a l P r e s s u r e , 
and T o t a l P r e s s u r e of U r a n i u m - b e a r i n g S p e c i e s for U - C - O S y s t e m 

T e m p e r a t u r e , °K 

T i m e of r u n , h r 

F l o w r a t e , l i t e r s / m i n 

C a r r i e r gas 

P a r t i a l p r e s s u r e CO in c a r r i e r 
g a s , T o r r 

C O / C O ; , input 

C G / C O J , output 

- log piO;) ( ba sed on input ) , a t m 

- log p{02) (based on ou tpu t ) , a t m 

C a r b o n a c t i v i t y (based on input) 

C a r b o n a c t i v i t y (ba sed on output) 

- log p(U) to ta l p r e s s u r e of 
u r a n i u m - b e a r i n g s p e c i e s , a t m 

C o m p o s i t i o n 

M e t a l l o g r a p h i c e x a m i n a t i o n 

2355 

5.5 

1.10 

CO-He 

-10 

3.2 X lO-* 

2.2 X 10* 

12.52 

12.20 

2.0 X 1 0 " ' 

1.4 X 1 0 " ' 

5.61 

U C i . o o O o . o 4 

UO2 not d e t e c t e d 

2355 

2.9 

1.08 

C O - C O j - H e 

4 

5.4 X 10* 

4.6 X 10* 

12.98 

12.70 

1.3 X 10" ' 

1.0 X 1 0 " ' 

-
UCi,ooOo,o2 

UO; not d e t e c t e d 

2355 

6.7 

1.08 

C O - C O j - H e 

4 

5.7 X 10* 

4.7 X 10* 

12.94 

12.78 

1.4 X 1 0 " ' 

1.1 X 10" ' 

5.83 

UCI.OOOQ.OZ 

U O ; not d e t e c t e d 

http://UCi.ooOo.o4
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oxycarbide r e s i d u e , when c o m p a r e d wi th p r e v i o u s r e s u l t s (-2 a t . %; 
Run 100-1 given in the t a b l e for c o m p a r i s o n and p r e v i o u s l y r e p o r t e d in 
ANL-7726, p . 106), a p p e a r s to be c o n s i s t e n t wi th the l o w e r oxygen p a r t i a l 
p r e s s u r e (higher CO/COz r a t i o ) of the c a r r i e r gas u s e d in the p r e s e n t r u n s . 
The s l ight ly lower v a l u e s for the c a l c u l a t e d c a r b o n ac t i v i t y r e f l e c t the l o w e r 
CO p a r t i a l p r e s s u r e s u s e d in the p r e s e n t r u n s . C o n s i s t e n t w i th p r e v i o u s 
r e s u l t s , the effect of a s m a l l add i t ion of oxygen is a s ign i f i can t r e d u c t i o n in 
the ac t iv i ty of ca rbon . 

A rough e s t i m a t e of the f r e e e n e r g y of f o r m a t i o n of the 
oxycarbide compos i t ion UCI.OOOQ.OZ a t 2355°K w a s m a d e f r o m v a l u e s for 
oxygen p a r t i a l p r e s s u r e , c a r b o n a c t i v i t y , and to ta l p r e s s u r e of u r a n i u m -
bear ing s p e c i e s d e r i v e d f r o m our m e a s u r e m e n t s . In the a b s e n c e of s p e c i e s 
informat ion, the u r a n i u m ac t i v i t y w a s rough ly e s t i m a t e d b a s e d on the to ta l 
p r e s s u r e of u r a n i u m - b e a r i n g s p e c i e s , the a s s u m p t i o n tha t t he v a p o r i s 
u r an ium gas , and the s u b l i m a t i o n p r e s s u r e of p u r e u r a n i u m . F r o m the ex 
p r e s s i o n AGf = R 'T log(Ni>.ai) , a t e n t a t i v e va lue of AGf = 41.6 k c a l / m o l 
was obtained. 

d. Oxide Fue l S tud ies (189a 02-005) 

(i) F u e l - e l e m e n t P e r f o r m a n c e * (L. A. N e i m a r k and 
W. F . Murphy) 

L a s t R e p o r t e d : A N L - 7 7 4 2 , p . 103 (Sept 1970). 

Fue l e l e m e n t s C - U and C-15 f r o m the N U M E C G r o u p C 
i r r ad ia t ion have been r e m o v e d f r o m t h e i r c a p s u l e s , p h o t o g r a p h e d , g a m m a -
scanned, and d i m e n s i o n a l l y p r o f i l e d . T h e e l e m e n t s con ta in UO2-10 wt% PuOj 
pe l le t s with an o x y g e n - t o - m e t a l (O /M) r a t i o of 1 .99-2 .00 . The fuel s m e a r 
densi ty of E l e m e n t C - U is 88-89% of t h e o r e t i c a l , and tha t of C-15 i s 82 -83% 
of t heo re t i ca l . The c ladding is Type 316L s t a i n l e s s s t e e l w i th a 0 .015 - in . 
wall t h i ckness , A 0 . 0 3 6 - i n . - d i a s p a c e r w i r e wi th a n o m i n a l 2 - i n . p i t c h was 
wrapped around the e l e m e n t s . The e l e m e n t s r e c e i v e d a p e a k b u r n u p of 
-9 .6 at. %. 

The p r o f i l o m e t r y of the e l e m e n t s w a s p e r f o r i n e d a f te r r e 
moval of the sp i ra l w i r e w r a p . Axial d i a m e t r a l p r o f i l e s w e r e m a d e at angu
la r or ien ta t ions of 0.180°, 45-225° , and 90 -270° . The p l e n u m r e g i o n of both 
fuel e lements had e s s e n t i a l l y the s a m e d i a m e t e r (0.2530 ± 0 .0003 in . ) for al l 
t r a c e s . The m a x i m u m m e a s u r e d d i a m e t e r s of fuel e l e m e n t s C - U and C-15 
were 0.2626 and 0.2628 in . , r e s p e c t i v e l y . T h e s e d i a m e t e r s o c c u r r e d a t the 
midlength of the fuel co lumn, w h e r e t he m i d w a l l c l add ing t e m p e r a t u r e w a s 
~520°C and the f luence (above 0.1 MeV) w a s 7.3 x 10^^ nvt . B a s e d on the 
nominal d i a m e t e r of the p l e n u m r e g i o n , t h e s e d i a m e t e r s c o r r e s p o n d to d i a m 
e t ra l changes o f - 3 . 9 % in both e l e m e n t s . 

See also Sect. III.A.4, Nuclear Safe ty. Hot Laboratory Examinations. 
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All t races in the fuel-column region of both elements showed 
a small sine wave superimposed on the axial diametral profile. The period 
of the sine wave was 1 in., which corresponds to the half-pitch of the spacer 
wire, and the amplitude was as high as 3-4 mils . The circumferential dia
metra l profile of Element C-15 was determined near the midplane of the fuel 
column by rotating the element in the profilometer. This procedure also 
generated a sine curve with an amplitude of 3.5 mils . These results indicate 
that the element has assumed an essentially oval shape under the spacer 
wire in the region of the fuel. The maximum ratio of the major- to-minor 
axis dimensions is 1.01, with the minor axis of the "oval" always under the 
spacer wire . The spacer wire had no effect on the diameter t races of the 
irradiat ion capsules. Both elements were easily removed from their cap
sules. The C-11 and C-15 fuel-element capsules had peak diametral in
c reases of 6.5 and 5.6 mils , respectively. The capsule t races did show, 
however, shallow indentations at approximately 3-in. intervals. This in
terval corresponds to the dimples in the shroud tubes of the irradiation 
subassembly. 

If the elements are assumed to have a circular profile with 
a diameter equal to the mean of the major and minor axes of the oval, only 
about 65% of the diametral increase can now be accounted for by cladding 
swelling. 

(ii) Fabrication of Uranium Dioxide Helices for In-reactor 
Creep Studies (J. T. Dusek) 

Last Reported: ANL-7742, pp. 105-106 (Sept 1970). 

The special techniques involved in slip-casting UO2 helices 
suitable for in- reac tor creep testing were described in ANL-7742. F ab r i 
cation of these springs by extrusion has some advantage over slip casting by 
producing a "wire" that has a circular rather than a trapezoidal cross 
section and a lower porosity. A satisfactory extrusion procedure is sum
marized below. 

A deflocculated UO^ powder of submicron size range was 
prepared with 84.75% UO2, 0.85% Superloid ammonium alginate, 0.85% Meth-
ocel 4000, 13.56% water, Mobilcer C (30 drops/lOO g UO2), and Darvan No. 7 
(10 drops/lOO g UO2). The first three mater ia ls were dry-mixed; then the 
water, Mobilcer C, and Darvan were added in combination. Next, the mix
ture was plasticized on a water-cooled rolling mill and loaded into the ex
trusion die. The die was evacuated to a p ressu re of -5 Tor r , and a 5-12-ton 
load was applied. The plastic UO2 mass was extruded through a nozzle, 
which is curved to match the diameter of the helix. The extruded product, a 
firm plastic "wire" -2.5 mm in diameter , was formed on a sleeved mandrel , 
which was then covered and allowed to age overnight to allow the "wire" to 
set in the shape of a helix. The moist helix was t ransferred to a paper 



sleeve for air drying. The a i r -dr ied helices were fired in flowing hydrogen 
with a slow, steady rise in temperature up to 1200°C over a period of 18 hr , 
then up to 1800°C for an additional 4 hr, and, finally, a soak at 1800 C for 
2 hr. The furnace was then allowed to cool to room tempera ture before the 
helices were removed. 

To permit a helix to be gripped by the c reep- tes t fixture, the 
end turns must be slightly separated from the central turns . The separation 
is introduced by inserting a tungsten lock washer between the first and 
second turns at each end of a fired helix, and refiring at 1400°C. 

These procedures have been instrumental in producing heli
ces with up to 27 turns, outside diameters of 22.2-23.8 mm, and densities 
94,0-96.5% of theoretical. The "wire" cross section is c i rcular , which fa
cilitates s t ress calculations, and has a fired diameter of -1.8 mm. 

2. Techniques of Fabrication and Testing 

a. Nondestructive Testing Research and Development (189a 02-092) 

(i) Neutron Radiography ( j . P . Barton) 

Last Reported: ANL-7742, pp. 109- lU (Sept 1970). 

A transportable neutron-radiography facility has been con
structed and is now available for use. The neutron source is Cf with an 
intensity of -2 x 10^ n /sec 47T, but other isotopes and stronger intensities 
can be easily substituted if required. 

Water has been selected for the bulk neutron moderator and 
shield because -water is comparable with the best-known moderators for 
californium-based neutron radiography. The water (380 gal) may be emptied 
before moving the facility and replenished at the new site, thus considerably 
facilitating the shipment procedure. The use of water bulk moderator also 
allows versatility in operation; for example, small volumes of high-efficiency 
moderators or boosters can easily be placed around the source, and multiple 
coUimated neutron beams can be extracted according to the requirements of 
the particular application. 

The design of the facility has been kept as simple as possi
ble. It is essentially a steel tank with a 1.24-m diameter , a 1.4-m height, and 
a 10-cm-dia lead source storage in the base center. The source may be 
raised from the storage position to any required exposure position along the 
central axis by a motorized drive, the-source being held at the end of a hori
zontal plastic arm. Source movements are actuated from a control panel 
that may be several meters from the source container, thus allowing the 
facility to be used for high-intensity sources and for occasional fast-neutron 
radiography trials (for which the water level can be lowered about halfway). 
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With a ^^^Cf s o u r c e of 2 x l o ' n / s e c 47T in the c e n t r a l e x p o 
s u r e p o s i t i o n s , the r a d i a t i o n d o s e r a t e i m m e d i a t e l y a t the s u r f a c e s of the 
fac i l i ty i s be low 5 m r e m / h r . 

P r o v i s i o n is m a d e for the u s e of e i t h e r h o r i z o n t a l o r v e r 
t i c a l b e a m e x t r a c t i o n , and the coUima t ion r a t i o can be conven ien t ly s e l e c t e d 
by i n t e r c h a n g e a b l e c o l l i m a t o r s l e e v e i n s e r t s . The c o l l i m a t o r s a r e d i v e r 
gent in f o r m . T h e y a r e c o n s t r u c t e d wi th d e n s e p a r a f f i n - w a x pack ing for t he 
i n n e r m o s t 12 c m and with p a r a f f i n - w a x b o r o n powder m i x t u r e (6:1 by 
vo lume) for the o u t e r s l e e v e length . The s i z e of the e x p o s u r e f ield a t t he 
c o l l i m a t e r exi t is 15 c m in d i a m e t e r . The to t a l t h i c k n e s s of the w a t e r 
sh i e ld be tween the s o u r c e and the e x p o s u r e pos i t i on can be v a r i e d b e t w e e n 
38 and 75 c m by us ing a s e r i e s of v e r t i c a l c o l l i m a t o r s with d i f fe ren t s o u r c e 
p o s i t i o n s . 

N e u t r o n r a d i o g r a p h s of uni t dens i t y wi th a c o U i m a t i o n r a t i o 
of 1:15 and a L i F - Z n S s c i n t i l l a t o r - R o y a l Blue f i lm d i r e c t - e x p o s u r e t e c h 
nique r e q u i r e about 2 5 - m i n e x p o s u r e t i m e . The faci l i ty wi l l e l i m i n a t e the 
u s e of a hot ce l l for f u r t h e r e x p e r i m e n t a t i o n in s m a l l s o u r c e , t h e r m a l -
n e u t r o n and f a s t - n e u t r o n r a d i o g r a p h y t e c h n i q u e s . In addi t ion , a n e u t r o n 
b e a m wi l l be r e a d i l y a v a i l a b l e for s t ud i e s of d e t e c t i o n s y s t e m s , 

(ii) L a s e r S tud ies and Ho log raphy (N. F e r n e l i u s ) 

L a s t R e p o r t e d : A N L - 7 7 2 6 , pp. 118-119 (July 1970). 

(a) P u l s e d L a s e r Ho log raphy . A pu l s ed l a s e r has s h o r t 
e x p o s u r e t i m e s , which a l lows h o l o g r a m s to b^ m a d e * wi thout r e s o r t i n g to 
v i b r a t i o n - s u p p r e s s i n g p r e c a u t i o n s . The g r e a t e s t l i m i t a t i o n to pu l s ed l a s e r s 
i s t h e i r s h o r t c o h e r e n c e length , which r e q u i r e s ca r e fu l e q u a l i z a t i o n of the 
op t i ca l pa th l eng ths of the r e f e r e n c e and object b e a m s . Many of t he 
s c h e m e s * * u s e d to i n c r e a s e the c o h e r e n c e l eng th t end to lower the output 
p o w e r of the l a s e r , e .g . , a p inhole in the r e s o n a n t cavi ty to ob ta in s i n g l e -
m o d e o p e r a t i o n t o r a F a b r y - P e r o t e t a lon f i l t e r on the output . To c o m p e n s a t e 
for t h e s e p o w e r l o s s e s , a Q - s w i t c h type of o p e r a t i o n can be u s e d to i n c r e a s e 
output p o w e r and to ob ta in s h o r t e r p u l s e - l e n g t h output , which l e s s e n s v i b r a 
t ion s u p p r e s s i o n . 

*R. E. Brooks, L. O. Heflinger, R. F. Wuerker, and R. A. Briones, Holographic Photography of High-Speed 
Phenomena with Conventional and Q Switched Ruby Lasers, Appl. Physics Letters J. 92 (1965). 

**R. E. Brooks, L. O. Heflinger, and R. F. Wuerker, Pulsed Laser Holograms, IEEE J. of Quantum Electronics 
QE-2, 275(1966). 

^F. J. McClung and D. Weiner. Longitudinal Mode Control in Giant Pulse Lasers, IEEE J. of Quantum 
Electronics QE-1, 94(1965); A. D. Jacobson and F. J. McClung, Holograms Produced with Pulsed Laser 
Illumination, Appl. Optics 4̂ , 1509 (1965); J. E. Bjorkholm and R. H. Stolen, A Simple Single-Mode Giani-
Pulse Ruby Laser, J. Appl. Phys. 39, 4043 (1968); and W. Wetzels and A. Alfs, Double Giant Pulse Ruby Laser 
with Extended Coherence Length for Holography, Rev. Sci. Instr. 40, 1642 (1961)̂  
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A g f a - G e v a e r t Sc i en t i a e m u l s i o n s 14C75, 10E75, and 8E75 
a r e r e c o m m e n d e d for h o l o g r a m s , s i n c e the Kodak 649F e m u l s i o n , wh ich is 
commonly u s e d for H e - N e l a s e r h o l o g r a m s , su f f e r s a s e r i o u s r e c i p r o c i t y 
fa i lure at high i n t e n s i t i e s . * 

A t t e m p t s have b e e n m a d e to adap t o u r R a y t h e o n 
Model LH34 pu lsed ruby l a s e r to m a k e h o l o g r a m s . A m o v a b l e a p e r t u r e , 
which al lows s i n g l e - m o d e o p e r a t i o n , and a Q - s w i t c h w e r e i n s e r t e d . Q -
swi tches a r e d e v i c e s to h i n d e r o r de lay the t r i g g e r i n g of a l a s e r p u l s e un t i l 
a g r e a t e r popula t ion i n v e r s i o n can be ob ta ined in the a c t i v e l e v e l s and thus 
a g r e a t e r u l t i m a t e output . A b l e a c h a b l e c h e m i c a l dye Q - s w i t c h w a s c h o s e n 
b e c a u s e it was the l e a s t e x p e n s i v e . 

An E a s t m a n Liqu id Q - s w i t c h Ce l l Mode l 609F was u s e d 
for e x p e r i m e n t a l t e s t s on a v a r i e t y of c o n c e n t r a t i o n s of E a s t m a n Q - s w i t c h 
Solution 10220 and k r y p t o c y a n i n e dye (Konrad 82017) in m e t h a n o l and a c e -
ton i t r i l e so lven t s . The p r o p e r s o l u t i o n - t o - s o l v e n t r a t i o s to ob ta in Q -
switching at a given e x c i t o r vo l t age leve l w e r e diff icul t to a s c e r t a i n s i n c e 
the solut ion d e t e r i o r a t e s . Modifying the ce l l to hold l a r g e r l iquid v o l u m e s 
and wai t ing for longer p e r i o d s be tween f l a s h e s did not r e s u l t in r e p r o d u c i b l e 
power outputs . In the fu tu re , the ce l l wi l l be u s e d m a i n l y a s a l ight p o w e r 
f i l ter ( i .e . , opaque to l ight below a g iven p o w e r leve l ) for the output of a 
l a s e r , Q- swi t ched by o the r m e a n s . To m a k e pu l s ed h o l o g r a m s , s o m e o t h e r 
Q-swi tch ing me thod is n e c e s s a r y , such as a s l o t t e d - w h e e l l ight c h o p p e r , a 
ro ta t ing p r i s m , or a P o c k e l s c e l l . 

3. Eng inee r ing P r o p e r t i e s of R e a c t o r M a t e r i a l s 

a. H i g h - t e m p e r a t u r e P r o p e r t i e s of C e r a m i c F u e l s (189a 02-094) 

(i) P l a s t i c Yielding and F r a c t u r e of Mixed Oxides 
(J . T . A. R o b e r t s and B . J . Wrona) 

L a s t R e p o r t e d : A N L - 7 7 4 2 , pp. 112-114 (Sept 1970). 

At a p r e l i m i n a r y s t age in a p r o g r a m d e s i g n e d to p r o d u c e 
h igh-dens i ty t e s t b a r s of UO2-2O wt % PUO2, s e v e r a l g r o u p s of b a r s w e r e 
p r e p a r e d with dens i t i e s 87-96% of t h e o r e t i c a l . T a b l e II .B.7 shows how the 
dens i ty was affected by s o m e of the m a i n f a b r i c a t i o n v a r i a b l e s . T h e s e b a r s 
w e r e used to d e t e r m i n e the inf luence of p o r o s i t y on the b r i t t l e - t o - d u c t i l e 
t r a n s i t i o n Tc at a cons tan t s t r a i n r a t e of 0.08 h r " ' . The s e n s i t i v i t y of T c to 
changes in env i ronmen t , compos i t i on , and m i c r o s t r u c t u r e is an i m p o r t a n t 
factor in f u e l - e l e m e n t f a i lu re b e c a u s e c r a c k i n g i n c r e a s e s the ef fec t ive fuel 
vo lume and t h e r e f o r e i n c r e a s e s the swel l ing r a t e . 

*M. Hercher and B. Ruff, High-Intensity Reciprocity Failure in Kodak 649-F Plates at 6943 A J Opt 
Soc. Am. _57̂ , 103(1967)^ ' ' 
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TABLE II.B.7. Fabrication Variables for UO2-2O wl % Pu02 Specimens 

* TD by 
Immersion Mettiod 

%.6 ± 0.36 

96.0 ± 0.1<: 

95.7 ± 0.15 

92.7 + 0.9 

91.2 ± 0.6 

89.5 ± 0.75 

87.9 

Binder 

Carbowax 4000 

Carbowax 4000 

Carbowax 4000 

Carbowax 4000 

0.5% Acriloid 
0.5% stearic acid 

Carbowax 4000 

Carbowax 4000 

Binder Addition Method 

1% binder solution ball-milled 
with the powders 

1% binder 

0.5% binder solution mixed with 
ball-milled slurry before drying 

0.5% binder solution mixed with 
ball-milled slurry before drying 

1% binder ball-milled with 
the powders 

0.5% binder solution added to 
Ihe ball-milled slurry before 
drying 

0.5% binder solution added to 
the ball-milled slurry before 
drying 

Pressing Pressure, 
psi 

20,000 

20,000 

20,000 

12.500 

20,000 

12,500 

12,500 

Time, 
hr 

2 - I M ' ' 

3 

4 

4 

4 

4 

4 

Sintering^ 

Temperature. 
°C 

1625 

1700 

1575 

1575 

1625 

1575 

1575 

3He 6% H2 atmosphere. 
Î Furnace shutdown resulted in unusual sintering time. 
'-New batch not yet tested. 

1100 

ISOO 

VARIATION IN STRENGTH 
ABOUT THE MEAN IS ^ 10 % 

0.02 0.04 0.06 0.08 0.10 0.12 

VOLUME FRACTION POROSITY P 

The b r i t t l e - t o - d u c t i l e t r a n s i t i o n 
was defined as the t e m p e r a t u r e a t wh ich 
the l o a d - d e f l e c t i o n c u r v e f i r s t d e v i a t e s 
f r o m l i n e a r i t y . To da t e , t e s t s on UOj -
20 wt % P u 0 2 b a r s have shown tha t T c 
co inc ides with the t e m p e r a t u r e a t wh ich 
m a x i m u m s t r e n g t h is r e a c h e d . (See 
P r o g r e s s R e p o r t for Augus t 1970, A N L -
7737, pp. 129-130.) The dependence of 
both peak "fetrength and Tc on v o l u m e 
f r ac t i on p o r o s i t y (P = 1 - D / 1 0 0 , w h e r e P 
is the p o r o s i t y , and D is the i m m e r s i o n 
dens i ty ) i s shown in F i g . I I .B .2 , The 
to t a l r educ t i on in Tc ove r the p o r o s i t y 
r a n g e P = 0.044 to P = 0.12 is only 
- 150°C and can be d e s c r i b e d by the r e l a -

Fig. II.B.2. Dependence of Porosity on (a) Peak 
Strength and (b) Brittle-to-Ductile 
Transition in UOg-ZO wt % PuOg 

ove 
ing 

r the 
redui 

f o r e , not s e n s i t i v e to p o r o s i t y and is 
equal to a p p r o x i m a t e l y half the m e l t i n g 
t e m p e r a t u r e . The m a x i m u m s t r e n g t h , 
which o c c u r s a t T c , i s r e d u c e d by - 2 0 % 

s a m e r a n g e of p o r o s i t y and is p r e s u m a b l y r e l a t e d to a c o r r e s p o n d -
:tion in the a r e a of the l o a d - b e a r i n g s u r f a c e . * 

C e r t a i n c h a r a c t e r i s t i c s of the m i x e d - o x i d e s p e c i m e n s p r e 
p a r e d f r o m m e c h a n i c a l l y b lended p o w d e r s a r e r e p r o d u c i b l e . The oxygen 

*F. P. Knudsen, J. Am. Ceram. Soc. 42(8), 376-387 (1959). 
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content obtained from CO/CO2 equilibration analyses always indicates an 
oxygen-to-metal ratio of 1.973 ± 0.007. X-ray powder pat terns indicate a 
single-phase material , but microprobe t races reveal gross plutonium in
homogeneity (a factor of two between plutonium-rich and plutonium-depleted 
areas in some cases). Finally, grain size is very small , on the order of 
1-2 11, which is always smal ler than the diameters of the largest pores , sur 
face defects, or areas of locally high porosity present in the specimen. 

C. Engineering Development 

1. Instrumentation and Control (T. P . Mulcahey) (189a 02-096) 

New and unique instrumentation is being developed to diagnose per
formance and detect abnormalities in LMFBR cores . Included are sensors 
and techniques for acoustical detection of sodium coolant boiling, monitor
ing of flow-rate-related phenomena that could detect imbalances between 
cooling and power, and the measurement of vibrations that might disturb 
overall reactor stability. 

a. Boiling Detector (T. T. Anderson) 

(i) Acoustic Method 

(a) Development of High-temperature Detector 
(A. P. Gavin) 

Last Reported: ANL-7742, pp. 115-116 (Sept 1970). 

Two types of high-temperature acoustic p re s su re sen
sors (HT3 and HT5) that embody variations of a design based on the 
symmetric-drive concept are being constructed and evaluated. In this con
cept (see Progress Report for February 1970, ANL-7669, p. 124), piezo
electric crystals in the sensor housing are mounted "push-pull" between 
two opposing diaphragms that are exposed to the liquid. A net p re s su re at 
the diaphragms causes an electrical charge to be generated by the crys ta ls . 

Sensor Type HT3 features diaphragms of circular ly 
embossed Type 304 stainless steel shim stock. The diaphragms in sensor 
Type HT5 consist of optically polished stainless steel disks with a machined 
circular groove for Uexure. One unit of the first type (HT3-2) and two units 
of the second type (HT5-1 and HT5-2) have been fabricated and are being 
evaluated. Additional units are being fabricated. 

'^^i^ee piezoelectric p ressu re sensors rated to 1150°F 
have been received from a vendor. A check of p r e s su re sensitivity shows 
them to be operational at room temperature 
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(h) Tests of High-temperature Detectors in Water, 
Furnace, and Sodium (T. T. Anderson) 

Last Reported: ANL-7737, p. 132 (Aug 1970). 

Frequency responses of the three high-temperature 
acoustic p re s su re sensors (HT3-2, HT5-1, and HT5-2) in water have been 
determined, and the units are being calibrated in a high-temperature 
furnace. 

The water tests were performed in a 1-m-dia tank, 
using wideband acoustic noise generated simultaneously by two sources: 
boiling generated by an electrically heated wire (1-30-kHz range), and a 
commercial hydrophone excited by a random-noise voltage source (20-100-
kHz range). Of the three units tested, sensor HT3-2 had the highest acous
tical output, and the frequency response equaled that of the hydrophone 
(0-100 kHz). 

In the furnace tests , acoustic p ressures a re produced 
within the furnace cavity by a piston vibrating at the bottom of the cavity. 
Before the sensors were installed, p ressures in the frequency range 100-
500 Hz were measured with a capacitor-type microphone. At 350-450 Hz, 
the acoustic p ressu re response varied linearly with vibration amplitude. 
The measured p ressu res also agreed with values predicted from measured 
acceleration of the piston. 

The three sensors were then installed in the furnace 
and cycled between room temperature and 1100°F. At room temperature , 
sensor HT3-2 indicated a sensitivity of 120 pC/bar at 400 Hz, and sensors 
HT5-1 and HT5-2 much lower values. After one temperature cycle, the 
sensitivity of sensor HT5-2 increased to 160 pC/bar , and sensor HT5-1 
became inoperable. After two more cycles, the sensitivity of HT5-2 in
creased to 200 pC/bar . This behavior of HT5-2, also observed for the 
previously heated HT3-2, is attributed to better mechanical contact when 
gold foils in the sensor anneal at elevated temperature . 

Electr ical resis tance of the sensors decreased with 
temperature reproducibly over several thermal cycles, and was unaffected 
by sensor internal p re s su res of 10-600 mm Hg abs . 

After the furnace tes ts , the operable sensors will be 
recalibrated at high frequency in water before being tested in sodium. 

2. Heat Transfer and Fluid Flow (M. Petr ick and R. P. Stein) 
(189a 02-097) 

Analytical and experimental investigations of liquid-metal heat 
t ransfer and fluid flow in components and systems are conducted to provide 
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in format ion of i m m e d i a t e i n t e r e s t to t he F F T F and L M F B R p r o g r a m s . F u n 
damen ta l s tud ies in hea t t r a n s f e r and fluid flow a l s o a r e conduc t ed to i m 
prove c u r r e n t , or to d e v i s e new, e n g i n e e r i n g p r e d i c t i o n m e t h o d s e s s e n t i a l to 
the advancemen t of r e a c t o r t echno logy in g e n e r a l . 

a, L M F B R F low Stab i l i ty S tud ie s (M. P e t r i c k and R. Rohde) 

This ac t iv i ty c o v e r s (l) the a c q u i s i t i o n and a n a l y s i s of e x p e r i 
menta l data on the v a p o r i z a t i o n and s u p e r h e a t i n g of s o d i u m in o p e r a t i n g 
r anges ( p r e s s u r e s , flow r a t e s , t e m p e r a t u r e s , and e q u i v a l e n t d i a m e t e r s ) and 
flow c i r c u i t s of i n t e r e s t to the L M F B R p r o g r a m ; and (2) the d e t e r m i n a t i o n , 
by both e x p e r i m e n t and a n a l y s i s , of t w o - p h a s e flow p h e n o m e n a r e l a t e d to 
flow s tab i l i ty . An L M F B R S i m u l a t i o n Hea t T r a n s f e r L o o p is be ing con 
s t ruc ted for the e x p e r i m e n t s . 

(i) P r e p a r a t i o n of A p p a r a t u s 

L a s t R e p o r t e d : A N L - 7 7 4 2 , p . 117 (Sept 1970). 

In s t a l l a t i on of the l eak d e t e c t o r s y s t e m , i n s u l a t i o n , and con
nect ion of t h e r m o c o u p l e s to junc t ion boxes h a s b e e n c o m p l e t e d for the p o r 
tion of the piping s y s t e m b e t w e e n the hea t e x c h a n g e r and the p r e h e a t e r . 

F i n a l p iping layout and p ip ing d e s i g n c a l c u l a t i o n s for the 
osc i l la t ing plugging m e t e r , hot t r a p , and s a m p l i n g s t a t i o n have been 
comple ted . 

E l e c t r i c a l power w i r i n g of the loop w a s r e s u m e d wi th the 
ins ta l la t ion of the 75-kVA t r a n s f o r m e r , t he 115- and 230-V d i s t r i b u t i o n 
pane l s , the h e a t - e x c h a n g e r h e a t e r , and the v a c u u m p u m p for the t e s t s ec t ion . 

b. L i q u i d - m e t a l Hea t T r a n s f e r in P i n Bund le s (M. P e t r i c k and 
T. G insbe rg ) 

E x p e r i m e n t s a r e p e r f o r m e d wi th s i m u l a t e d fue l -p in s u b a s s e m 
bl ies fabr ica ted with and wi thout h e l i c a l s p a c e r s to i n v e s t i g a t e the i n t e r -
channel mixing m e c h a n i s m and to d e v e l o p a m a t h e m a t i c a l f o r m u l a t i o n tha t 
d e s c r i b e s the mixing phenomenon in s u b a s s e m b l i e s t yp i ca l of F F T F and 
LMFBR des igns . The E B R - I I S u b a s s e m b l y W a t e r T e s t Loop a t ANL is 
being modified to m e e t the e x p e r i m e n t a l r e q u i r e m e n t s . 

(i) Modif ica t ion of E B R - I I S u b a s s e m b l y W a t e r T e s t L o o p 
(T. G i n s b e r g ) 

Not p r e v i o u s l y r e p o r t e d . 

Des ign mod i f i ca t ions a r e u n d e r way to c o n v e r t the E B R - I I 
Subassembly Wate r T e s t Loop f r o m a c l o s e d - f l o w s y s t e m to a o n c e - t h r o u g h 
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flow system to meet the requirements of the subassembly interchannel 
mixing experiments . The initial ser ies of experiments will be performed 
on a subassembly of seven, helically-spaced, 0.5-in.-dia stainless steel 
rods, having a pi tch-to-diameter ratio of 1.2. This subassembly is being 
designed. 

Figure II.C.l shows schematically the essential features 
of the facility in which the mixing experiments will be performed. A t r ace r 
technique will be employed. In operation, water will be pumped from a supply 
vessel to the test assembly. To simulate the Reynolds-number charac te r 
ist ics of sodium sys tems, the water will be heated to 200°F by a 100-kW 
immers ion heater in the vessel . An electrolyte solution will be injected 
into one subchannel of the test assembly at various axial positions. 
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MEASUREMENT 

v_y 

SUBCHANNEL 
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STATIC 
PRESSURE 
TAPS 

'-^ 1 

l \ 

MEASUREMENT 
-^^^7} 

ORIFICE METER 
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Fig. II.C.l. Schematicof Facility to Be Used for Subassembly Interchannel Mixing Experiments 

S u b c h a n n e l - a v e r a g e d e l e c t r o l y t e c o n c e n t r a t i o n s wi l l be 
m e a s u r e d a t the exi t p lane of the s u b a s s e m b l y . H e r e , the fluid in each 
s u b c h a n n e l wi l l be i s o k i n e t i c a l l y d r a w n out, t ho rough ly mixed , and p a s s e d 
t h r o u g h a conduc t iv i ty ce l l w h e r e the e l e c t r o l y t e c o n c e n t r a t i o n wi l l be 
m e a s u r e d . Both the i s o k i n e t i c flow r a t e and the e l e c t r o l y t e c o n c e n t r a t i o n 
wi l l be r e c o r d e d . 

T h e da ta ob ta ined wi l l be u s e d to : 

( l ) C h a r a c t e r i z e the m i x i n g m e c h a n i s m r e s u l t i n g f r o m 

the s w e e p i n g ac t i on of h e l i c a l s p a c e r w i r e s . 
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(2) Develop a helical-flow-mixing correlat ion applicable to 
LMFBR and FFTF design geometries and flow charac te r i s t i c s . 

(3) Evaluate the utility and accuracy of lumped-parameter 
calculational procedures. 

c. Electron Bombardment Heater (EBH) Development 
(R, D. Carlson) 

Electron-bombardment (EB) heaters a re being developed to 
supply heat fluxes greater than 1.5 x 10^ Btu/(hr)(ft^) to liquid meta l s . Cur
rent effort is directed toward EB pin-type heaters that a re prototypical of 
reactor fuel pins and that can be used to simulate these pins in various heat-
transfer and reactor-safety experiments. Such heaters ( l / 4 - in . OD x 24 in. 
long) have supplied heat fluxes up to 2.3 x l o ' Btu/(hr)(ft^) to water. 

(i) Preparat ion of Single Pin ( l / 4 - in . OD x 36 in.) ( j . J . Carey) 

Last Reported: ANL-7737, pp. 135-140 (Aug 1970). 

The equilibrium position of the cathode subjected to a 
transverse electrostatic force has been determined by assuming the cathode 
to be a thin, perfectly flexible cable or wire, as described in ANL-7737. 
With this assumption, the t ransverse displacement of the cathode satisfies 

J 2 y 

- T „ ^ = f(Yc), (1) 
dx 

where TQ is the initial cathode tension, YQ is the displacement of the cathode 
treated as a cable, and f is the electrostat ic force per unit length of the 
cathode, which is a known function of cathode displacement. 

If the cathode is t reated as a beam with small but finite 
flexural rigidity, the t ransverse displacement is determined from 

d^Yg d^YB 

where EI is the flexural rigidity of the cathode, and Yg denotes the displace
ment of the cathode treated as a beam. Although the assumption that the 
cathode is perfectly flexible (EI = O) appears reasonable and considerably 
simplifies the analysis, it is important to have a qualitative est imate of the 
effect of cathode bending resis tance to t r ansverse displacement. 

Such an estimate has been obtained for a cathode with hinged 
ends by considering the solutions of Eqs. 1 and 2 in the form of a trigono
metric series. The electrostatic force is approximated by the first two 
terms in a Taylor-series expansion about the uniform initial eccentrici ty 
YQ; thus the analysis is res tr ic ted to small displacements. 



A measure of the ratio of maximum beam displacement to 
maximum cable displacement is given by 

(YR) B'MAX 

where 

'C^MAX 

EI 

1 +-
•n - 02Ci 

(3) 

To(2i)^ 

ZJ\ Z-neV^ 

R2, 

(4) 

Z£ is the length of the cathode, R̂  is the anode radius, e and Cj a re con
stants, and V is the applied voltage. 

Figure II.C.2 is a plot of Eq. 3 for (27Tev^)/To = 10"*, 
Rl (cathode radius) = 0.01 in., R^ = 0.1 in., YQ = 0.01 in., and i = 18 in. 
As expected, beam effects become noticeable as the flexural rigidity in
creases and/or the cathode length decreases . 
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3. Engineering Mechanics (G. S. Rosenberg) (189a 02-099) 

a. Structure-Fluid Dynamics (M. W. Wambsganss, J r . ) 

(i) Near-field and Far-f ield Flow Noise 

Last Reported: ANL-7726, pp. 134-136 (July 1970). 
In ANL-7726, the mean-square spectral densities of near-

field flow noise were presented for a range of axial flow velocities, and 
normalization of the spectra was discussed. Fur ther analysis of the 
p re s su re - t ime histories has yielded information relating to the decay and 
convection of the flow noise. 
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Broad-band, space-t ime correlat ions, using differential 
pressure signals, were obtained from a var iable- t ime-delay cor re la tor . 
Convection velocity ratios, average eddy lifetimes, and longitudinal cor 
relation lengths were computed from the correlat ion plots. Over the range 
of flow velocities tested, the convection velocity ratio and longitudinal cor
relation length had average values of 0.89 and 0.29 in., respectively; the 
average eddy lifetime decreased with increasing flow velocity. These r e 
sults are in agreement with those of other investigators and also with those 
from a previous flowtest. 

Broad-band resul ts are of interest in obtaining a basic 
understanding of the character is t ics of near-field noise. However, to cal
culate the response of s tructural components (e.g., fuel pins) to near-field 
excitation, it is necessary to have information relating to its narrow-band, 
statistical behavior, i.e., the frequency dependence of the character iz ing 
properties. Narrow-band, space-time correlat ions were obtained using a 
constant filter bandwidth of 100 Hz. 

For a given mean axial flow velocity, the convection velocity 
decreased with increasing frequency, indicating that the higher-frequency 
eddies are convected at a lower speed; this follows intuitively if the velocity 
distribution at a cross section of the flow channel is considered. The fre
quency was expressed in t e rms of a Strouhal number, using the t ransducer 
spacing and convection velocity to represent the length and velocity, respec
tively. The maximum, longitudinal, space-t ime correlat ion decayed expo
nentially with the Strouhal number. The narrow-band, longitudinal space 
correlation was representable as a damped cosine function of the Strouhal 
number. 

In general, the resul ts of this study of near-field flow noise 
in annular water flow are in agreement with studies of flow noise over flat 
plates and in pipes. However, as in other studies, the low-frequency data 
are difficult to analyze and often vary from the trend indicated by the higher-
frequency results, or are er ra t ic . Most likely, the low-frequency eddies are 
not as well defined as are the higher ones; in fact, if the width of the flow 
channel is taken to be the upper limit on eddy size, low-frequency eddies 
cannot exist. The low-frequency data are probably caused by slow variations 
in fluid flow, the statistical descriptions of which might be significantly dif
ferent from those associated with turbulent-eddy flow. Since the low-
frequency range is of pr imary interest (typical reactor components have 
relatively low fundamental frequencies at which they predominantly respond), 
additional study and development of analytical methods are required. 
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D- Chemistry and Chemical Separations 

1. Fuel Cycle Technology 

a. Molten Metal Decladding of LMFBR Fuels (D. S. Webster) 
(189a 02-173) 

Laboratory and engineering work is being done to develop con
cepts for l iquid-metal decladding of LMFBR fuel elements with a fuel-
reduction step. The concepts are expected to be applicable also to the 
removal of Zircaloy cladding from l ight-water-reactor fuels. 

(i) Engineering Concepts, Analysis, and Evaluation 
(R. D. Pierce) 

Last Reported: ANL-7705, p. 162 (June 1970). 

Major emphasis of our work on the head-end steps of 
LMFBR fuel reprocess ing has shifted from molten-metal decladding and 
voloxidation to molten-metal decladding and liquid-metal reduction of the 
fuel oxides. The reduction step offers the advantage of completely removing 
iodine and other fission-product gases froin the declad fuel. Since the 
decladdlng-reduction design has become the reference design for program 
planning, it is being expanded. 

(ii) Engineering Development (R. D. Pierce) 

Last Reported: ANL-7742, pp. 119-120 (Sept 1970) 

(a) Gas-Release Experiments. An additional experiment 
was done simulating the release of fission gas under p ressu re upon the 
rupture of an i r radia ted fuel element partially immersed in molten zinc. In 
this experiment, the assembly, which was immersed to a depth of 3 in. in 
molten zinc, consisted of two simulated fuel elements contained in a 2-in.-
dia steel tube represent ing a shroud. The tube had a 5/8-in. opening at the 
bottom and six l /4- in . holes drilled around the circumference, U in. above 
the bottom. These holes provided a means of equalizing the p re s su re inside 
and outside the tube. The two simulated fuel elements were 0.25-in.-OD, 
O.Ol-in.-wall, Type 304 stainless steel tubes containing close-fitting steel 
pins and argon at a p re s su re of 52-55 atm. The molten zinc was at 808°C. 

The two immersed tubes ruptured after 1.5 and 1.75 min 
exposure. Examination of the tubes after the experiment revealed that the 
steel pins had remained inside. Splashing of zinc and salt occurred when the 
gas was released, and about 20 g remained on the walls of the shroud to a 
height of 37 in.; there was no evidence of splashing outside the shroud. 
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(b) Stainless Steel Dissolution in Zinc. An additional ex
periment (comprising several tests) was done to study the rate of attack on 
Type 304 stainless steel by zinc containing high loadings of nickel. Results 
were analyzed along with the resul ts of ear l ie r dissolution tes ts in which the 
melts contained various quantities of dissolved stainless steel. 

In each test, a Type 304 stainless steel tube (3/4-in. OD, 
5/8-in. ID, 4 in. long) was immersed vert ically in a liquid Z n - F e - C r - N i 
alloy. The liquid was s t i r red with an agitator having two blades 2 in. in di
ameter and 0.53 in. wide, and with a 45° pitch. The agitator speed was 0-
500 rpm, but in most tests it was 100 rpm. After exposure for 1-30 min, a 
tube was removed from the zinc solution. 

Some exposed tubes were placed in a vacuum re tor t to 
remove adhering zinc. The difference between the ^veight before immersion 
and the weight after retorting was the weight loss due to zinc attack. 

All tubes were sectioned, polished, and etched. The 
thicknesses of the inner and outer reaction zones and of the unaffected steel 
were measured. The difference between the original and final thicknesses 
of unaffected steel was the depth of penetration of the zinc into the stainless 
steel. 

The data for melts containing a wide range of stainless 
steel contents show an initial 5-min period of rapid penetration of the steel 
during which the thickness of the reaction layer increases and the penetra
tion rate decreases. During this initial period, the iron, chromium, and 
nickel concentrations all influence the thickness of the reaction layer and 
thereby the penetration rates . 

After about 5 min of immersion, the layer apparently 
reaches an equilibrium thickness and the penetration rate approaches a con
stant value. The steady-state penetration ra tes measured to date can be 
represented satisfactorily as a function of only the calculated nickel concen
tration in the melt, i.e., by 

where 

(^Ni - C^i) 

Rgs - Steady-state penetration rate, mm/min , 

O. = constant, 

Ni ~ nickel concentration in bulk solution at zero penetration rate, 
weight fraction. 
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and 

'-'Ni ~ calculated nickel concentration in bulk solution, weight frac
tion; Cj,jj is calculated by assuming (1) that the nickel charged 
is completely dissolved, (2) that the cosolubilities of iron and 
chromium in zinc at 800°C are 5.8 and 1.0 wt %, respectively, 
and (3) that the equilibrium Zn-Fe-Cr solid phase in the sys
tem contains 45 wt % zinc. 

Since the reaction layer crumbles away from the fuel 
once the zinc penetrates the cladding completely, penetrat ion-rate data are 
considered the most pertinent data obtained in decladding studies. 

(iii) P roces s Demonstration Experiments (R. D Pierce) 

Last Reported: ANL-7726, p. 138 (July 1970). 

(a) Semiworks Experiments. Following the zinc decladding 
step for LMFBR fuels, reduction of the UO2-PUO2 with Mg-40% Cu-5% Ca 
will cause nearly all the uranium to precipitate while the plutonium, also 
reduced to metal, will stay in metal solution. The plutoniuin-bearing alloys 
can then be fed to an acid-dissolution step in preparation for aqueous 
solvent-extraction processing. 

Two reduction experiments (DR-8 and DR-9) were per 
formed, using process conditions similar to those planned for reduction of 
highly i r radia ted fuel oxide. The objective was to demonstrate the feasibility 
of the process using equipment of similar deaign and the same size as that 
planned for the hot experiments. (Plutonium was absent in these scoping 
runs.) 

In each run, 1000 g of CaCl2-15 mol % CaFj and 100 g 
of p ressed and sintered UOj pellets ( l / 4 in. diameter by l / 4 in. high) were 
charged into a 4-|-in.-ID tungsten crucible having four 3/8-in. baffles. In 
DR-8, 2000 g of Mg-42% Cu-5% Ca was also charged, while in DR-9 the 
metal charge was 1000 g of Mg-40% Cu-10% Ca. The reduction temperature 
was 820°C, and the reduction time 6 hr. Agitation was at 800-850 rpm with 
an agitator having two blades 2 in. in diameter, 3/4 in. wide, and with a 
45° pitch. 

The runs proceeded satisfactorily, with nearly all of 
the uranium oxide reduced to metal and precipitated. Because uranium is 
insoluble in the metal alloy, it is difficult to determine the degree of reduc
tion accurately. After the run, the salt ingot was separated mechanically 
from the metal phase and the metal was carefully washed with acid. The 
quantity of uranium found by analysis in the salt and wash solutions was 
assumed to have been unreduced. Greater than 99% of the uranium was 
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reduced in DR-8 and greater than 96% in DR-9. Additional runs a re under 
way with equipment identical to that to be used for the reduction of i r r a 
diated fuel oxide. Runs with plutonium-containing fuel are planned. 

(iv) Behavior of Volatile Fission Products (M. J. Steindler) 

Last Reported: ANL-7726, pp. 138-139 (July 1970). 

During the decladding of i r radiated fuel elements by use of 
liquid zinc, some of the iodine will be l iberated from the annular and plenum 
regions of the fuel elements when the cladding is dissolved in liquid zinc at 
800°C. A decontamination factor (DF) of 10^-10^ for iodine is expected to be 
required for the head-end steps of LMFBR fuel reprocessing. Zinc de
cladding is a promising procedure for achieving high iodine removal since 
iodine liberated in this process rapidly reacts with zinc to form zinc iodide 
that is quickly extracted into a cover salt layer on the molten zinc. 

Experiments have been performed (1) to simulate the r e 
lease of iodine fission gas during decladding and to investigate the degree of 
zinc-iodine interaction and (2) to study the use of a zinc pool as an off-gas 
scrubber. The experimental arrangement consisted of an iodine reservoi r , 
a zinc pool held at 800°C and covered with a 2-cm-deep layer of molten 
LiCl-KCl, a safety trap, and an aqueous Na2S203-NaOH scrubber. Argon 
was the car r ier gas for the iodine, and the iodine was labeled with '^ ' l , the 
quantity being limited to the activity that could be safely handled in our 
apparatus. 

In the first experiment, a mixture of 0.2 at. % I2-Ar was 
bubbled through a 10-cm-deep zinc pool at a flow rate of 150 ml /min . After 
a known quantity of argon-iodine mixture was fed into the train, the cover 
salt was dissolved in water and aliquots from this solution and from the 
aqueous scrubber were counted. The counting rate of the salt solution was 
1.23 X 10 counts per minute per aliquot, and the counting rate for the 
scrubber had not increased above background. A DF greater than lO'' was 
thus achieved. The absence of activity in the scrubber indicates that pos
sibly higher DF's can be reached in apparatus radiologically safe for 
handling iodine of higher specific activity. 

In the second experiment, the pool depth was decreased and 
the gas flow rate increased to test the kinetic limitations of the method. Ab
sorption of iodine from a s t ream of 0.2 at. % Ij-Ar passed through a shallow 
(3-cm-deep) zinc pool at flow rates of 150 and 300 ml /min was complete, in
dicating extremely rapid reaction. 

Next, a blank run (with zinc absent) was performed. The 
iodine was accounted for in the salt and in the aqueous scrubber, verifying 
that the apparatus was functioning properly. 
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The two following experiments had the objective of briefly 
investigating the potential of zinc pools as off-gas scrubbers at a lower 
operating tempera ture of 500°C. Elemental iodine was used in these runs, 
although we are aware that iodine might exist in other chemical forms in 
plant off-gas. In one experiment with 0.2 at. % l2~Ar bubbled through a 
3-cm-deep zinc pool at 150, 300, and 500 ml/min, essentially complete 
iodine removal was effected (DF > 10*). In the final experiment, a much 
lower lodme concentration in the gas stream simulated plant off-gas rather 
than gas from the fuel-element plenum. With 3 x 10"^ at. % I2 in the argon, 
a zinc depth of 3 cm, and a gas flow rate of 300 ml /mm, the DF was 10^, 
indicating that good lodme decontamination could be expected at low con
centrations of iodine. 

b. LMFBR Fuel Fabrication--Analyses and Continuous Process ing 
(A. A. Jonke and M J. Steindler) (189a 02-158) 

Last Reported; ANL-7726, pp. 141-142 (July 1970). 

(i) u / P u Ratio m Fuel 

X-ray fluorescence is being evaluated as an in-line ana
lytical method for determing the u / P u ratio of UOs-PuO^ fuel during fabri
cation. Ear l i e r work with Th02-U02 as a stand-in for UO2-PUO2 showed 
adequate resolution of the thorium and uraniunn peaks and improvement of 
counting stat ist ics when the collimators used had 20-mil instead of 5-mil 
slit widths (ANL-772 6, pp 141-142). 

The most recent experiments^demonstrated a count rate 
of 7 X 10' cps for the ULa peak when the 20-mil collimators were used. To 
attain a counting precision of 0.5% at 95% confidence level for the uranium 
count would therefore require about l /2 min. If the thorium peak and back
ground were then counted sequentially, it is estimated that the total counting 
time (i.e , analysis time) for a pellet would be ~ 1 mm. 

Examination of sampling plans presently considered in 
batch processing of fuel shows that for this analysis rate, with a batch size 
01 500,000 pellets and a sample size of 800 pellets, each analytical instru
ment can accommodate a production rate of 1000 kg of oxide per day. For 
smaller batch sizes, more instruments would be needed. 

2. General Chemistry and Chemical Engineering 

a. Thermophysical Proper t ies of Reactor Fuels (189a 02-162) 

(i) Total Effusion of Pu-Qand U-Pu-O Systems 
(C E Crouthamel and I. Johnson) 

Last Reported: ANL-7705, pp. 1 65-1 66 (June 1970) 
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The chemistry of the U-Mo-O system is being investigated 
to provide a basis for understanding the extensive migration of molybdenum 
that has been observed in the postirradiat ion examination of oxide fuels. The 
migration of fission-product molybdenum is believed to be related to the 
local value of the oxygen potential during irradiation. The migration of mo
lybdenum, as various gaseous oxide species, may also be an important 
mechanism for the redistribution of oxygen during irradiation. Therefore, 
the spatial distribution of molybdenum in i r radiated fuel specimens may 
offer a means for the reconstruction of the oxygen-potential gradient that 
existed in the fuel during operation. Knowledge of the oxygen potential gra
dient in the fuel will be useful in predicting the extent of cladding attack 
(corrosion), solid fuel swelling, and, if a break in the cladding occurs , the 
extent of the reaction of coolant sodium with the fuel. 

In the present investigation, the part ial p r e s s u r e s of var i 
ous gaseous molybdenum oxide species in equilibrium with UO2-M0O2 mix
tures are being determined as a function of the oxygen-to-metal ( O / M ) ratio 
and the temperature. A combination of Knudsen effusion and m a s s -
spectrometric techniques are being used for these studies. 

In an initial scouting experiment a 1:1 (by weight) mixture 
of UO2.1 and M0O2 was heated in a Knudsen cell in a high vacuum at tem
peratures of 950-1420°C. Mass-spec t rometr ic examination showed that the 
principal gaseous species were M0O3, (Mo03)2, and (Mo03)3. Over the tem
perature range 1110-1380°C, the apparent part ial p r e s su re s increased by 
factors of about 27 for M0O3, 9 for (Mo03)2, and 5 for (Mo03)3. Since the 
composition of the sample changed (about 10% of the sample was vaporized) 
as the temperature was increased, meaningful enthalpies of vaporization 
cannot be obtained from these data. 

A second experiment is under way in which the vapor species 
in equilibrium with a sample of M0O2 are being examined under conditions 
similar to those used for the UO2.1-M0O2 sample. Initial resul ts indicate 
that the following species are present at 1350°C: M0O3, (Mo03)2, MoOj, and 
MoO. The species MoOj, which was not observed in the experiment with 
UO2 1-M0O2, was detected in the second experiment. The MoO may have re 
sulted from decomposition of M0O2 which deposited on the filament of the 
electron source. The partial p ressu re of M0O3 over the UO2.1-M0O2 mixture 
was larger by a factor of about 50 than the part ia l p re s su re over M0O2. The 
partial pressure of the polymeric species (Mo03)2 was significantly lower in 
the second experiment, and (Mo03)3 was not detected. These prel iminary 
experiments indicate a definite interaction between UO2 and M0O2. 
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III. NUCLEAR SAFETY 

A. LMFBR Safety 

1- Accident Analysis and Safety Evaluation (G. J. Fischer) (I89a 02-112) 

a. Initiating Accident Code Development (F. E. Dunn) 

Last Reported: ANL-7742, pp, 132-133 (Sept 1970). 

(i) SAS2A Code. The initial coding has been completed for 
linking the VENUS disassembly code with SAS2A. The linkage is being 
tested. At every time step during a SAS2A run, the code will check the peak 
fuel temperature and the inverse power period. When either quantity ex
ceeds a user-specif ied maximum, the code will link to the disassembly cal
culation by preparing a data file containing initial conditions for VENUS. 
The data file for VENUS either can be used immediately as input for a 
VENUS run in the same job, following SAS2A, or it can be punched onto cards 
for use in a later VENUS run. 

The initial conditions for VENUS will be taken from the 
SAS2A resu l t s . SAS2A resul ts will supply the densities and temperatures 
of the fuel, sodium, and steel, as well as the void fraction at every point in 
the core. SAS2A will also supply the initial reactivity and the initial rate 
of change of the reactivity. 

In the process of coupling SAS2A and VENUS, some im
provements have been made in the data storage in VENUS. These improve
ments reduce the total computer memory-s torage requirements of the 
VENUS code by about 15% while increasing the number of regions that can 
be used in VENUS. 

b. Analysis of Fuel Behavior (A. M. Judd) 

(i) Analysis of Fuel Failure Propagation 

Not previously reported. 

Fault t rees for the pin-to-pin stage of fuel failure propaga
tion have been constructed. The purpose of these fault t rees is to identify 
the most likely ways in which a local failure, affecting a small part of the 
subassembly (due, for example, to a blockage between the fuel pins, or 
failure of the cladding of one pin because of a manufacturing defect) might 
propagate to affect the whole subassembly. Another purpose is to identify 
the analytical problems. 



The most likely routes to rapid voiding of the whole subas
sembly seem to be (l) by some form of cumulative blockage (where, for 
example, one pin fails, releasing fuel, which causes other pins to fail, r e 
leasing more fuel, which adds to the original blockage, causing further 
failures, etc., until the flow is res t r ic ted enough to cause bulk boiling), or 
(2) by a pressure pulse, due, for example, to re lease of h igh-pressure fis
sion gas or to a small violent fuel-coolant interaction, which causes nearly 
simultaneous failure of many pins, which re lease gas rapidly at high p r e s 
sure, voiding the subassembly long enough so that, when the coolant re turns , 
violent boiling ensues. 

The first of these is doubtful because it is hard to envisage 
how a blockage growing in this way can be tenacious enough to r e s i s t the 
coolant pressure gradient. The second might be impossible because the 
subassembly cannot be kept voided long enough for serious overheating. 

Work is proceeding to calculate the flow and temperature 
transients due to gas re lease , and the effects of local overheating due to an 
overenriched fuel pellet or pin. An additional problem of great importance 
that presents serious analytical difficulties is the response of an irradiated 
embrittled fuel pin to an impulsive load, and whether failure resu l t s . 

Future work will cover the effects of sodium logging of the 
fuel, and consequent chemical interaction between fuel and sodium causing 
pin swelling (which might be a means of very slow failure propagation, as 
opposed to the possibilities of rapid propagation outlined above), whole-
subassembly accidents (such as inlet blockages), and subassembly- to-
subassembly damage propagation. 

2. Coolant Dynamics (H. K. Fauske) (l89a 02-114) 

a. Sodium Superheat (R. E. Henry, R. E. Holtz, and R. M. Singer) 

Last Reported: ANL-7737, p. 153 (Aug 1970). 

(i) Forced-convection Superheat Experiments with Annular 
Flow. Fabrication is under way on a single-pin heated test section that will 
measure incipient boiling superheats in a forced-convection system. The 
heater, of the ORNL design, is 36 in. long with a 0.250-in. OD; it is ther
mally partitioned to have 6 in. unheated, 22.5 in. heated, and 7.5 in. unheated. 
All tests will be run in the Fuel Element Failure Propagation Small Sodium 
Loop, which is operational. The volume fraction of entrained gas will be 
determined by the choked-nozzle technique described in ANL-7737. For the 
tests, test-section outlet temperatures will range from 1400 to 1600°F, and 
coolant velocities through the test section will range from 0 to 10 f t / sec . 

^'•'^I Model of Incipient Boiling during Forced Convection. The 
pressure-temperature history model has been applied to reactor systems 
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to determine the incipient-boiling superheat for various postulated reactor 
accidents . The effect of the pr imary-coolant -sys tem design (for example, 
EBR-II versus FFTF) on the incipient superheat has been demonstrated by 
considering its effect on gas entrainment in the coolant and/or part ial p r e s 
sure of inert gas in the surface cavities on the fuel elements. If iner t -gas 
bubbles a re present in the coolant (as a resul t of either mechanical entrain
ment at free surfaces and/or exiting from solution in the heat exchanger), 
nucleation will most likely occur from these bubbles. However, if gas bub
bles are not present (as a resul t of location of the free surfaces), super
saturated coolant might pass through the core . This will resul t innucleation 
occuring from the surface cavit ies. 

For the EBR-II and F F T F reactor designs, the following 
conclusions can be drawn based on current state of understanding of nu
cleation in liquid meta l s : (l) The probability of inert-gas bubbles being 
present in EBR-II reactor is small , so nucleation most likely will take 
place from surface cavit ies; the part ial p ressu re of inert gas in these cavi
ties is calculated to be relatively small compared to the system p re s su re , 
which resul ts in calculated superheats of about 100°F during various postu
lated accidents; (2) the probability of iner t -gas bubbles being present in 
F F T F is considerably higher; however, if gas bubbles are not present , the 
part ia l p r e s su re of inert gas in the surface cavities will be high (approxi
mately equal to or greater than the cover-gas p ressure ) ; in either case , 
essential ly no superheat is required to initiate boiling in the FTR reactor 
during various postulated accidents. 

b. Sodium Expulsion and Reentry: In-pile (M. A. Grolmes and 
H. K. Fauske) 

Last Reported: ANL-7742, pp. 133-134 (Sept 1970). 

(i) Planning of In-pile Test Vehicles. Integrated in-pile 
(TREAT reactor) experiments are being planned to determine the overall 
consequences of coolant expulsion and reentry as they affect fuel failure and 
potential interactions of molten cladding, fuel, and coolant. For these t e s t s , 
coolant expulsion will be specifically initiated by flow t rans ients , such as a 
coastdown, and part ial or complete blockage at steady power in a tes t ve
hicle that s imulates current LMFBR design pa rame te r s . N e a r - t e r m tests 
will be directed to simulation of F F T F conditions. 

A conceptual design of a test vehicle has been proposed for 
this se r i es of exper iments . The test vehicle will accommodate seven ac 
tive fuel pins of F F T F dimensions with once-through sodium flow providing 
the necessa ry inlet and exit p r e s su re conditions. It has been established 
that the TREAT reactor can accommodate the length of the test vehicle and 
the associated sodium supply system. Detailed design of the system will be 
initiated, as will simultaneous consideration of the hazards and accident 
analys is . 
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3. Core S t r u c t u r a l Safety (C. K. Youngdahl) (l 89a 0 2 - U 5) 

The object ive is to deve lop a n a l y t i c a l m e t h o d s for p r e d i c t i n g the 
plas t ic r e s p o n s e of c i r c u l a r and h e x a g o n a l s h e l l s to i n t e r n a l i m p u l s i v e 
loads . 

a. H e x a g o n a l - s h e l l A n a l y s i s 

L a s t R e p o r t e d : A N L - 7 5 1 3 , pp . 134-136 (Oct 1968). 

The dynamic p l a s t i c d e f o r m a t i o n of a hexagona l she l l loaded by 
an a x i s y m m e t r i c i n t e r n a l p r e s s u r e is be ing a n a l y z e d . F o r the in i t i a l p h a s e 

of the s tudy , it i s a s s u m e d tha t the 
p r e s s u r e is u n i f o r m along the she l l 
l eng th , and the she l l m a t e r i a l is r i g id , 
p e r f e c t l y p l a s t i c , wi th a y ie ld s t r e s s 
Oy. A c r o s s s e c t i o n of the s h e l l and 
a f r e e - b o d y d i a g r a m of the h a l f - s i d e 
a r e shown in F i g . I I I . A . l , w h e r e H 
and L deno te , r e s p e c t i v e l y , the w a l l 
t h i c k n e s s and leng th of a s ide of the 
hexagon . 

The y i e ld condi t ion of the 
s h e l l w a l l is 

( M / M O ) + ( N / N O ) 1, (1) 

w h e r e M is the c i r c u m f e r e n t i a l bend
ing m o m e n t , N the f o r c e p e r uni t 
a x i a l l eng th , and Mg and NQ a r e d e 
f ined by 

and 

Mo = 

No 

f<JyH^ 

(2) 

III.A.l. Loadings Used in Initial Study 
of Dynamic Plastic Deforma
tion of a Hexagonal Shell 

P l a s t i c d e f o r m a t i o n of the 
s h e l l wa l l i s i n i t i a t e d a t the y ie ld 
p r e s s u r e P y when p l a s t i c h inges 
f o r m a t the c o r n e r s and the nnidpoints 
of the s i d e s of the h ex ag o n . T h r o u g h 

the use of l i m i t - a n a l y s i s p r o c e d u r e s , P is found to be g iven by 

,) 
L[L + (L^-^48H^)^^^] 
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Appl i ed p e a k p r e s s u r e s which e x c e e d P y p r o d u c e d y n a m i c p l a s 
t ic d e f o r m a t i o n of the s h e l l . The equa t ions of mo t ion of the sheU w a l l , the 
p l a s t i c flow r u l e , the y ie ld condi t ion of Eq . 1, and the g e o m e t r i c c o m p a t a -
b i l i ty cond i t i ons m u s t be s a t i s f i e d dur ing the d e f o r m a t i o n p r o c e s s . A c o m 
p u t e r p r o g r a m is being w r i t t e n which s o l v e s the r e s u l t i n g s e t s of coup led 
n o n l i n e a r d i f f e r e n t i a l e q u a t i o n s . 

4. F u e l D y n a m i c s S tud i e s in T R E A T (C. E . D i c k e r m a n ) ( l 89a 02-117) 

a- T r a n s i e n t I n - p i l e T e s t s wi th C e r a m i c F u e l (C. E . D i c k e r m a n ) 

L a s t R e p o r t e d : A N L - 7 7 4 2 , pp. 136-137 (Sept 1970). 

(i) F i r s t Two M a r k - I I - l o o p T e s t s (HI and H2) on T r a n s i e n t 
F a i l u r e T h r e s h o l d of M i x e d - o x i d e F u e l E l e m e n t wi th Axia l H e a t T r a n s p o r t 
by F lowing S o d i u m . E x c l u s i v e of r e s u l t s f r o m the f a s t - n e u t r o n h o d o s c o p e 
and a n a l y s i s of the coo l an t b e h a v i o r being p e r f o r m e d us ing C r o n e n b e r g ' s 
f u e l - c o o l a n t i n t e r a c t i o n m o d e l , * the a n a l y s i s of the t r a n s i e n t - t e s t da t a f r o m 
the H2 e x p e r i m e n t h a s b e e n c o m p l e t e d . The l a t e s t c o n c l u s i o n s f r o m the 
SASIA a n a l y s e s a r e d i s c u s s e d in Sec t . I I I .A.4 .c be low. A n a l y t i c a l S u p p o r t . 

F i g u r e I I I .A.2 g ives the t r a n s i e n t - t e s t da ta for the f a i l u r e 
t r a n s i e n t . The i n i t i a l flow v e l o c i t i e s both c o r r e s p o n d to an a v e r a g e f r o m 
the two f l o w m e t e r s of 6.7 ± 0.5 m / s e c in the t e s t s e c t i o n . F a i l u r e i s i n 
d i c a t e d by the i n i t i a t i on of flow and p r e s s u r e a n o m a l i e s a t about 1.45 s e c . 
[The t r a n s i e n t t h e r m a l da ta have not been c o r r e c t e d for the t y p i c a l r e 
s p o n s e t i m e ( - 2 0 - 2 5 m / s e c ) for our t h e r m o c o u p l e s . ] With the a s s u m p t i o n 
of t h i s r e s p o n s e , f a i l u r e is a l s o i n d i c a t e d at 1^45 s e c f r o m the r a p i d r i s e 
in the t h e r m o c o u p l e c l o s e s t the fuel , p r e s u m a b l y by i t s c o n t a c t wi th ho t 
m o l t e n fuel r e s u l t i n g f r o m c ladd ing f a i l u r e . T h i s i n f o r m a t i o n w a s a l s o s u b 
s t a n t i a t e d by the p o s t t e s t n e u t r o n r a d i o g r a p h s of the t e s t s e c t i o n , wh ich i n 
d i c a t e d tha t the top 3 in . of the fuel c o l u m n w e r e m i s s i n g . At 1.45 s e c , the 
t e s t da t a i n d i c a t e tha t the coo lan t w a s s ign i f i can t ly be low 1013°C, the s a t u 
r a t i o n t e m p e r a t u r e for the 2.91 a t m p r e s s u r e a t the top of the fuel s t a c k . 
F a i l u r e o c c u r r e d a t a s a m p l e e n e r g y of 1220 j / g (84% of the t r a n s i e n t e n e r g y 
input) w i th abou t 30% of the fuel m o l t e n . At the t i m e of f a i l u r e , the m a x i 
m u m i n n e r and o u t e r c ladding t e m p e r a t u r e s a t the top of the fuel s t a c k , 
wh ich w e r e c a l c u l a t e d f r o m S A S I A - A S H , w e r e 1132 and 966°C, r e s p e c t i v e l y . 
T h e c a l c u l a t e d m a x i m u m coo lan t t e m p e r a t u r e at f a i l u r e w a s 920°C, w h i c h 
w a s l o w e r than the 1013°C s a t u r a t i o n t e m p e r a t u r e a t tha t l o c a t i o n . 

F i g u r e I I I .A.3 shows the i n t e g r a t e d s o d i u m m o v e m e n t r e l a 
t ive to s t e a d y s t a t e a s a funct ion of t r a n s i e n t t i m e . T h i s r e l a t i v e m o v e m e n t 
i s t a k e n a s the v o l u m e of s o d i u m d i s p l a c e d a t the g iven f l o w m e t e r as a r e s u l t 

*A. W. Cronenberg, H. K. Fauske, and S. G. Bankoff, A Mathematical Model for Fuel-Coolant Interacdon, 
submitted for presentation at the ANS topical meeting on reactor mathematics and applications at 
Idaho Falls (Mar 1971). 
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s e c t i o n , wi th void g r o w t h cont inuing at 
e x p u l s i o n of the void out the b o t t o m of 
i s fo l lowed by a m u c h m o r e v i g o r o u s e 
i n t e r a c t i o n b e t w e e n the s o d i u m and the 

of s lug e jec t ion f r o m the t e s t s e c t i o n . 
Under the a s s u m p t i o n of an i n t ac t e l e 
m e n t and fuel h o l d e r , and the i n i t i a 
tion of voiding at the top of the fuel 
c o l u m n , the upper and lower v o l u m e t 
r i c l i m i t s of the t e s t s ec t i on a l s o a r e 
d i sp l ayed in F i g . I I I .A .3 . Unti l a n a 
ly t i ca l r e s u l t s f r o m C r o n e n b e r g ' s 
m o d e l a r e a v a i l a b l e , voiding of the 
t e s t s ec t i on a f te r c ladding f a i l u r e is 
a s s u m e d to be c o m p l e t e at 1.49 s ec 
(see F i g . I I I .A.3) . The expu l s ion is 
r a t h e r s low, p robab ly a s the r e s u l t 
of a m i l d f a i l u r e . After the in i t i a l 
v a p o r i z a t i o n of the s m a l l amoun t of 
l iquid f r o m the t e s t s e c t i o n , p r o b a b l y 
followed by condensa t i on above the 
t e s t s e c t i o n , r e e n t r y is p o s s i b l e . 
C o n s e q u e n t l y , a t 1.49 s e c , r e e n t r y 
c o m m e n c e s f r o m the top of the t e s t 
the bo t t om. The ne t effect i s the 
the t e s t s e c t i o n . Then th is r e e n t r y 
xpu l s ion , p robab ly as a r e s u l t of the 
hot fuel f r o m the fai led e l e m e n t . 

A f i r s t a p p r o x i m a t i o n to the coolan t s u p e r h e a t was ob ta ined 
by taking the 1 .33 -a tm in i t i a l p r e s s u r e sp ike as the change in v a p o r p r e s s u r e 
r e s u l t i n g f r o m f lashing of s u p e r h e a t e d coo lan t . F o r the s a t u r a t i o n t e m p e r a 
t u r e c o r r e s p o n d i n g to the p r e s s u r e a t the top of the fuel s t a c k , be fo re the 
i ncep t ion of coo lan t bulk bo i l ing , th is p r e s s u r e c o r r e s p o n d s to a s u p e r h e a t 
of 54°C. 

The H2 t e s t s e c t i o n w a s r e m o v e d f r o m the M a r k - I I loop 
a t the F u e l E x a m i n a t i o n F a c i l i t y ( F E F ) and i n s e r t e d into a l i n e r , wh ich w a s 
f a b r i c a t e d for the T - 2 T R E A T c a s k a c c o r d i n g to the s p e c i f i c a t i o n s of 
G e n e r a l E l e c t r i c Co . Drawing 693C267. A c c o r d i n g to U.W. D e p a r t m e n t of 
T r a n s p o r t a t i o n (DOT) S p e c i a l P e r m i t 5607, Drawing 693C267 d e s c r i b e s a 
c o n t a i n e r su i t ab l e for sh ipping open or unc lad m a t e r i a l in the T - 2 c a s k . 
The s h i p m e n t of the H2 t e s t s e c t i o n has been de l ayed a t l e a s t 4-6 w e e k s for 
a c l a r i f i c a t i o n of the p e r m i t for sh ipping s a m p l e s of the length of the H 2 t e s t 
s e c t i o n . 

(ii) F i r s t M a r k - I I - l o o p T e s t s (E3) on F u e l - m o v e m e n t F a i l u r e 
of I r r a d i a t e d Oxide P i n dur ing a P o w e r E x c u r s i o n . E v a l u a t i o n of the da ta 
f r o m T e s t E 3 is con t inu ing . F a i l u r e of the fuel e l e m e n t s (ha l f - l eng th 
E B R - I I - l i k e UO2 pins i r r a d i a t e d to 6% b u r n u p in the M T R ) a p p a r e n t l y o c 
c u r r e d abou t 0.668 s e c a f t e r s t a r t of the t r a n s i e n t . The r e a c t o r e n e r g y 



release to this time was about 426 MW-sec, with a corresponding average 
fission-energy release in the three test pins of about 710 j / g of oxide. The 
average energy release in the hottest of the three pins to this time was 
about 765 j / g , and the maximum local energy re lease was 810 j / g . It does 
not appear that fuel melting occurred before pin failure. 

Evidence of pin failure includes distinct changes in both 
inlet and outlet coolant flow at 0.668 sec, initiation of a se r ies of p ressu re 
spikes at both transducers (the first of which occurred at 0.670 sec at the 
upper transducer and about 1-2 msec later at the lower t ransducer) , and 
significant temperature r i ses on all thermocouples beginning within about 
10 msec after postulated time of failure. 

The pressure pulses observed in Test E3 are s imilar to 
the series of damped pressure pulses from Test S5 (see P rog re s s Report 
for August 1970, ANL-7737, p. 177), although generally lower in amplitude. 

The conversion of fission energy to work on the coolant is 
being calculated. As part of an effort to understanding the observed p res 
sure pulses, a short computer code is being written to reduce flowmeter 
data from the loop instruments and to calculate the energy and momentum 
of the coolant in the complex geometry of the loop. Availability of this code 
should significantly simplify handling of data from future Mark-II-loop 
experiments. 

(iii) Firs t Mark-II-loop Experiments (E4 and E5) on Fuel-
movement Failure of Mixed-oxide Fuel during a Power-excurs ion Accident. 
Test conditions have been established for the E4 transient experiment in 
TREAT. E4 is planned as a higher-energy follow-on to the H2 test and is 
intended to provide further data on the mode of failure and the charac ter i 
zation of fuel movement, as well as on coolant ejection and reentry. This 
will be the first test beyond the failure threshold for a prototype mixed-
oxide FFTF fuel element and the last in the ser ies of single-pin experiments. 

Data from the H2 test indicated that failure occurred when 
about 30% of the fuel had melted. This corresponds to an input energy of 
approximately 1220 j / g of oxide. To get significantly beyond the threshold 
of failure, the energy input for the E4 test has been set at 1800 j / g . With 
the already established calibration factor of 3.3 j / g of oxide/MW-sec of 
TREAT energy, the required reactor energy is 545 MW-sec and the TREAT 
step input is 2.3% Ak/k. Calculations under these conditions using the 
SASIA-ASH code indicate that the fuel-pin cladding will melt through at 
about 1540 j / g and sodium boiling will begin at about 1430 j / g . As for 
Test H2, the threshold of failure is expected when about 30-40% of the fuel 
IS melted (-1200 j / g ) , with sodium expulsion at about 1500 j / g . 

Because Test E4 is a power-excursion test simulating 
FTF conditions, the B^Si thermal-neutron filter will be used. Fuel-pin 
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comparison and expected radial power distributions during the transient 
have been reported previously (See Progress Report for July 1970, ANL-
7726, p. 155.) Prepara t ions are being made to fit the Mark-II test loop used 
in the LI experiment with the shield used in the HI and H2 experiments. 
The fuel pin has been shipped to the TREAT Site, and outfitting of the test 
section is nearing completion. 

I.iv) F i rs t Mark-II-loop Experiments (Dl and D2) on Effects of 
Release of a Small Amount of Molten Fuel, Using Pins with Local High-
enrichment Sections. The 12 prototypical (except for UO^ fuel) FTR fuel 
pins for Test Dl have been completed and are in t ransi t from WADCO. 
Three of these pins have UO^ enrichment of 26%, with a 1.5-in.-long sec
tion of fully enriched fuel at the axial midplane. These pins are intended 
for use as central pins in seven-pin c lus ters . The remaining nine pins have 
20%-enriched UO2 fuel pellets and are to be used in the peripheral locations. 
A calibration run is planned, after which one central and two peripheral 
pins will be examined destructively. One central and six peripheral pins 
will be used for the test . The remaining two pins are spa res . Complete 
qual i ty-assurance documentation of the pin character is t ics has been received. 

Design of the fuel holder for the Dl and D2 experiments, 
which will accommodate a seven-pin cluster of prototypical FTR, pins, is 
about 90% complete. The design incorporates provision for remote a s 
sembly of future test sections using preir radiated pins, although the details 
have not yet been worked out. Seven fuel pins are contained within a tube 
that simulates the adjacent pins of a cluster . Development work on the 
manufacturing technique for the tube has been completed. The technique 
developed consists of pressing the tubes onto an indented mandrel using a 
sheet-metal forming brake. The metal did not spring back to the degree 
anticipated, so it may be necessary to make a new mandrel for production 
tubes. A dummy cluster of pins is being made for use as a gauge to check 
fit-up and lor use in development of remote assembly techniques. 

b. Experimental Support (L. E. Robinson) 

Last Reported: ANL-7737, pp. 169-170 (Aug 1970). 

(1) Shipping-cask Procurement Documentation. The Chicago 
Operations Office certification of approval of the Mark-II-loop shipping 
cask has been received. RDT authorization to proceed with the procure
ment of two casks (one for the Nuclear Safety program, and one for general 
use) has been granted. The purchase requisition has been processed at 
ANL and is being considered by AEC-CH. Application for a Department of 
Transportat ion permit is pending. 



(ii) P r e p a r a t i o n of L a s t Six Mark-II Loops f r o m FY 1970 S tocks 

L a s t R e p o r t e d : A N L - 7 7 3 7 , p . 170 (Aug 1970). 

The f i r s t two T R E A T M a r k - I I i n t e g r a l s o d i u m loops of the 
A ve r s ion (Al and A2) a r e being outf i t ted wi th t r a c e h e a t e r s , p r e s s u r e , 
t e m p e r a t u r e , and f l o w - r a t e i n s t r u m e n t a t i o n and o t h e r a n c i l l a r y e q u i p m e n t 
in p r e p a r a t i o n for p roo f t e s t i ng . T h e s e loops a r e s c h e d u l e d to be u s e d for 
conducting the Dl and L2 t e s t s , r e s p e c t i v e l y . The o t h e r four loops (A3-A6) 
a r e being a s s e m b l e d p r i m a r i l y f r o m the i n v e n t o r y of c o m p o n e n t s m a n u f a c 
tured e a r l i e r . The work is being p e r f o r m e d in a c c o r d a n c e wi th the m a n u 
facturing and q u a l i t y - c o n t r o l p lan deve loped for th is p r o j e c t . In add i t i on , 
an annular l i n e a r - i n d u c t i o n p u m p (ALIP) s t a t o r , of the type u s e d in the 
Mark- I I loop, has been f a b r i c a t e d and is be ing u s e d as the m a g n e t i c p r e s 
sur iza t ion sou rce in a c o o l a n t - d y n a m i c s e x p e r i m e n t ( I89a No. 02-114) to 
invest igate the s u p e r h e a t p r o p e r t i e s of s o d i u m . 

(iii) Adapta t ion of Cave A c c e s s o r i e s for M i n i m a l Usage of Cave 
for Mark- I I Loops with I r r a d i a t e d M i x e d - o x i d e F u e l s . Work h a s begun to 
supply equipment and equ ipmen t mod i f i ca t i ons for loading and unloading 
p r e i r r a d i a t e d m i x e d - o x i d e M a r k - I I - l o o p t e s t s e c t i o n s us ing the F C F a i r 
cel l . An exist ing cask wi l l be modi f i ed , and a u x i l i a r y e q u i p m e n t wi l l be 
supplied, cons is t ing of an i n - c e l l \A^ork t a b l e , a t e s t - s e c t i o n r e c e p t a c l e , d i s 
a s sembly a c c e s s o r i e s , and m i s c e l l a n e o u s f i x t u r e s and r i g s . The s c h e d u l e 
for engineer ing , f ab r i ca t ion , a s s e m b l y , and checkou t h a s been a r r a n g e d to 
fit the schedule for the f i r s t M a r k - I I - l o o p e x p e r i m e n t on i r r a d i a t e d m i x e d 
oxide (Test H3, planned for the l a s t q u a r t e r of FY 1971). 

c. Analy t ica l Suppor t (A, B. R o t h m a n ) 

Las t R e p o r t e d : A N L - 7 7 4 2 , pp. 138-140 (Sept 1970). 

(i) Automated Handling of Hodoscope Data 

Las t R e p o r t e d : A N L - 7 7 3 7 , p . 171 (Aug 1970). 

Deve lopment w o r k con t inues t o w a r d p rov id ing an a u t o m a t e d 
sys t em for handling the TREAT hodoscope da ta of fuel m o t i o n dur ing t r a n 
sient t e s t s . This s y s t e m was d e s i g n e d o r i g i n a l l y a r o u n d the ANL CHLOE 
scanning device , which suf fe red cont inuing b r e a k d o w n s l a s t s p r i n g and w a s 
r e t i r e d in favor of a new s c a n n e r , A L I C E . A L I C E , h o w e v e r , i s no t c o m p a t i 
ble with the sof tware , f i lms , and tape s y s t e m s u s e d f o r C H L O E . The hodoscope 
data were r e c o r d e d o r ig ina l ly on h i g h - s p e e d f i lm in an ana log r e p r e s e n t a 
tion, then reduced by m a n u a l o p e r a t i o n s . i n wh ich r e l a t i v e f i lm e x p o s u r e s 
were compared v i sua l ly .* The a u t o m a t e d s y s t e m now being d e v e l o p e d u s e s 

A. DeVoIpi, c. E. Dickerman, and J. F. Boland, "Preliminary Performance Data from Fast Neutron Hodo-
scope at TREAT," Trans. Am. Nucl. Soc. 12121 8fi3 nafifl̂  
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a b i n a r y r e p r e s e n t a t i o n of the hodoscope s i g n a l s r e c o r d e d on f i lm . F i l m 
s y n c h r o n i z a t i o n and r e f e r e n c e m a r k s a r e u s e d to p e r m i t a u t o m a t i c e x t r a c 
t ion of n u m e r i c a l da ta f r o m the f i lm,* us ing CHLOE or A L I C E . 

S ta tus of w o r k under way to use ALICE is a s fo l lows : 

(1) A 1 6 - m m f i lm capab i l i t y being added to A L I C E wi l l 
p e r m i t the i n i t i a l e x t r a c t i o n of da ta f r o m the f i lm; a l l s u b s e q u e n t s t e p s 
f r o m t r a n s l a t i o n of the r a w A L I C E da ta into n u m b e r s wi l l be done us ing e x 
i s t i ng p r o g r a m m i n g and the CDC-3600 c o m p u t e r . 

(2) M o d e s t r e p r o g r a m m i n g is under way so tha t the A L I C E 
c o m p u t e r can do the p r e l i m i n a r y p r o c e s s i n g of the r aw s c a n n i n g - s y s t e m 
output ; t h i s r e p r o g r a m m i n g is e x p e c t e d to be c o m p l e t e by the t i m e the 
A L I C E s y s t e m can hand le the 1 6 - m m T R E A T f i lm, which is i m m i n e n t . 

(3) F u l l u s e of A L I C E c a p a b i l i t i e s wi l l r e q u i r e e x t e n s i v e 
r e p r o g r a m m i n g , inc lud ing g e n e r a t i o n of da ta p l o t s ; a f te r th i s r e p r o g r a m 
m i n g is c o m p l e t e d , the C D C - 3 6 0 0 wi l l not be u s e d . T h i s s t e p is r e q u i r e d 
b e c a u s e a v a i l a b i l i t y of the C D C - 3 6 0 0 c o m p u t e r cannot be a s s u r e d beyond 
the end of t h i s f i s c a l y e a r . 

(4) The c o m p u t e r - p r o d u c e d d ig i ta l da ta i n c l u d e s n o r m a l i 
z a t i o n ; h o w e v e r , e x t e n s i v e m a n - c o n t r o l l e d a n a l y s i s is then r e q u i r e d to s e 
l e c t m e a n i n g f u l d i s p l a y s and c h a r a c t e r i z a t i o n of fuel m o v e m e n t s f r o m the 
i nd iv idua l " p i c t u r e " m o s a i c p i e c e s (a m a x i m u m of 334 p i e c e s , and m i n i m u m 
p i c t u r e r e p e t i t i o n t i m e of 1.2 m s e c ) . Th i s wi l l u s e a d i sp l ay s t a t i o n , e x 
p e c t e d to be r e a d y by the t i m e the full C D C - 3 6 0 0 p r o g r a m m i n g h a s b e e n 
c h a n g e d to the full A L I C E - I B M - 3 6 0 s y s t e m . The P D P - 1 1 c o m p u t e r for the 
d i s p l a y h a s b e e n r e c e i v e d , and a l s o both m a g n e t i c - t a p e u n i t s ; h a r d w a r e and 
coupl ing s t a g e s a r e about 90% c o m p l e t e ; so f tware o r g a n i z a t i o n h a s begun . 

A s i z a b l e back log of T R E A T t r a n s i e n t f i lm has b e e n a c c u 
m u l a t e d . F o r e a c h t r a n s i e n t e x p e r i m e n t ( including one for a n o t h e r con 
t r a c t o r ) , we have d e t e r m i n e d and r e p o r t e d the s p e c i f i c a t i o n s for h o d o s c o p e 
o p e r a t i n g p a r a m e t e r s , wh ich depend on r e a c t o r p o w e r l e v e l s and t r a n s i e n t 
d u r a t i o n a s w e l l a s s p e c i a l da ta r e q u i r e m e n t s of the e x p e r i m e n t e r . 

E x a m i n a t i o n of the f i lm f r o m the l a t e s t e x p e r i m e n t ( L l ) 
r e v e a l s s o m e w e a k and m i s s i n g d i sp l ay l a m p s . T h i s i n d i c a t e s p o s s i b l y 
p o o r s y n c h r o n i z a t i o n , w h i c h w o u l d i n c r e a s e the w o r k n e e d e d on L I when 
A L I C E is r e a d y . 

*A. DeVolpi, "Deciphering and Processing Digital PhotograpMc Data," Ninth Litem. Conf. on High Speed 
Photography (1970). 



(ii) A n a l y s i s of T r a n s i e n t I n - p i l e E x p e r i m e n t s 

L a s t R e p o r t e d : A N L - 7 7 4 2 , pp . 138-140 (Sept 1970). 

Deta i led r e s u l t s of the SASIA-ASH p o s t t r a n s i e n t c a l c u l a 

tions for the H2 e x p e r i m e n t a r e r e p o r t e d h e r e for both the c h e c k o u t t r a n 

sient (Tr-1316) and fa i lu re t r a n s i e n t ( T r - 1 3 1 7 ) . In t h e s e c a l c u l a t i o n s , 

actual expe r imen ta l flow and t r a n s i e n t power da ta w e r e u s e d in con junc t ion 

with n e u t r o n - t r a n s p o r t c a l cu l a t i ons for g e o m e t r i c power p r o f i l e s and the 

ca l ibra t ion factor (3.30 j / M W - s e c of T R E A T p e r g r a m of oxide fuel ) . 

F i g u r e III .A.4 c o m p a r e s c a l c u l a t e d coo lan t bulk t e m p e r a 

tu res with data f rom a t h e r m o c o u p l e 1 in. be low the top of oxide fuel for 

the checkou t t r a n s i e n t . The so l id 

c u r v e was ob ta ined f r o m the 

SASIA-ASH code in which the ef

fect of fuel c r a c k i n g on gap c o n d u c 

t ance w a s inc luded in a code 

mod i f i ca t i on d e s c r i b e d p r e v i o u s l y . 

(See P r o g r e s s R e p o r t for Au

gus t 1970, A N L - 7 7 3 7 , pp . 171-173. ) 

V a l u e s of p a r a m e t e r s u s e d w e r e , 

in the no ta t ion d e s c r i b e d in A N L -
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Fig. III.A.4. Comparison of Calculated Coolant Bulk 
Temperatures with Data from a Thermo
couple 1 in. below Top of Oxide Fuel 
in Checkout Transient Tr-1316 before 
Test H2 

• ' g m a x , 
Cl = 0 . 0 0 2 W / c m - ° C , C2 = 0 . 0 0 4 W / 

c m - ° C , a n d Cj = 1.0 x 1 0 " * w / 

( c m - ° C ) / ( d y n e s - c m ^ ) . T h e a g r e e 

m e n t b e t w e e n c a l c u l a t i o n a n d e x 
p e r i m e n t i s c o n s i d e r e d s a t i s f a c t o r y . 

T h e e f f e c t of i n c l u d i n g v a r i a t i o n s 

i n g a p c o n d u c t a n c e f r o m f u e l c r a c k 

ing i s s h o w n by t h e d a s h e d c u r v e in F i g . I I I . A . 4 ; t h e d a s h e d c u r v e w a s o b 

t a i n e d by s e t t i n g Ci = C2 = 0 . 0 0 2 w / c m ^ - ° C , t h u s r e d u c i n g S A S I A - A S H t o 

S A S I A in t h e t r e a t m e n t of t h e g a p - c o n d u c t a n c e e q u a t i o n s . T h e t w o c a l c u 

l a t i o n s a r e i d e n t i c a l u n t i l t h e e n d of t h e p o w e r t r a n s i e n t , b e c a u s e t h e f u e l -

c r a c k i n g m o d i f i c a t i o n i s i n i t i a t e d w h e n t h e f u e l b e g i n s t o c o o l off. F u r t h e r 

m o r e , i t i s c o n c l u d e d t h a t t h e f u e l - c r a c k i n g e f f e c t , a l t h o u g h i n c o r p o r a t e d 

by a v e r y s i m p l e t e c h n i q u e , w a s q u i t e n o t i c e a b l e i n t e r m s of o u t l e t c o o l a n t 

b u l k t e m p e r a t u r e s . T h e s e c a l c u l a t i o n s a l s o i n d i c a t e d t h a t t h e f u e l w a s 

n e v e r in c o n t a c t w i t h t h e c l a d d i n g . H e n c e t h e p i n s h o u l d n o t h a v e b e e n d e 

f o r m e d in t h e c h e c k o u t e x p e r i m e n t . T h i s o b s e r v a t i o n a g r e e s w i t h t h e 

m i n i m a l d e f o r m a t i o n f o u n d in t h e p o s t m o r t e m e x a m i n a t i o n of t h e H I p i n , 

r e p o r t e d p r e v i o u s l y . ( S e e P r o g r e s s R e p o r t f o r J u n e 1 9 7 0 , A N L - 7 7 0 5 , 

p . 173.) M a x i m u m fue l t e m p e r a t u r e f o r t h i s c h e c k o u t r u n w a s c a l c u l a t e d 

to be 1890°C, w e l l b e l o w t h e m e l t i n g p o i n t . 

C a l c u l a t i o n s of c o o l a n t t e m p e r a t u r e , p i n d e f o r m a t i o n , e t c . , 

w e r e p e r f o r m e d f o r t h e a c t u a l f a i l u r e r u n ( T r - 1 3 1 7 ) , u s i n g t h e a b o v e -

m e n t i o n e d p a r a m e t e r s s p e c i f y i n g b o n d c o n d u c t a n c e a n d a c t u a l f l o w a n d 
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power-transient data. Figure III.A.5 
shows the results with an expanded 
time scale. Note that this transient 
produced about 40% more energy 
than that required for full fuel mel t 
ing under adiabatic conditions. Here 
again, the calculated coolant-
temperature profile is seen to be in 
satisfactory agreement with the 
thermocouple data, except for a 
time lag of about 30-50 msec . The 
thermocouple time constant is e s 
timated to be about 20-25 msec . At 
the time of pin failure (shown by a r 
row at 1.45 sec), about 30% of the 
oxide fuel was calculated to be in 
the molten state in an annulus with 
a 0.05-cm inner radius and a 0.20-
cm outer radius, which is very close 
to an inner cladding radius of 

0.259 cm. Some of the hot molten fuel, either from oozing up to or being 
p ressed against the cladding by the pressure within the pin, could cause 
its melting, even though the cladding was calculated to be at 1080°C. Based 
on p re s su re and coolant-flow-rate data and on analytical calculations, it 
appears that cladding failure did not result from cladding vapor blanketing 
after coolant boiling, but possibly from molten fuel-cladding contact. How
ever , coolant boiling can occur after failure because of hot fuel contacting 
the coolant directly. This hypothesis appears to be consistent with the 
test data. As much as 40-43% of mixed oxide* could be molten towards the 
end of the t ransient . 

1.2 
Time, sec 

Fig. III.A.5. Comparison of Calculated Coolant Bulk 
Temperatures with Thermocouple Data 
from Test H2 (Tr-1317) 

d. Hot L a b o r a t o r y E x a m i n a t i o n s (L. A. N e i m a r k and 
J . D. B . L a m b e r t ) 

L a s t R e p o r t e d : A N L - 7 6 8 8 , pp . 228-232 ( A p r - M a y 1970). 

(i) E x a m i n a t i o n of E B R - I I - i r r a d i a t e d F u e l E l e m e n t s . E l e 
m e n t 007 f r o m S u b a s s e m b l y X040A is being e x a m i n e d d e s t r u c t i v e l y . T h i s 
w i r e - w r a p p e d 0 . 2 9 0 - i n . - d i a e l e m e n t , c lad wi th 0 . 0 2 0 - i n . - t h i c k Type 304L 
s t a i n l e s s s t e e l , con t a ined 76.5% s m e a r dens i ty (Uo.8Puo.2)02 and w a s i r 
r a d i a t e d to a m e a n b u r n u p of a p p r o x i m a t e l y 5 a t . % at a peak l i n e a r r a t i n g 
of 15.7 k w / f t in the f i r s t E B R - I I a s s e m b l y of u n i r r a d i a t e d oxide p i n s . 

P r o f i l o m e t r y showed a c ladding d i a m e t r a l s t r a i n of up to 
1% wi th a s u p e r i m p o s e d " r i p p l e " of up to ±0.2%. The p e r i o d of the r i p p l e 
c o r r e s p o n d e d wi th the 3 - in . h a l f - p i t c h of the w i r e w r a p (see F i g . I I I .A.6) . 
A n g u l a r p ro f i l e s c a n s i n d i c a t e d the e l e m e n t could be oval in s e c t i o n ( s ee 
i n s e r t of F i g . I I I .A.6) , wi th the m i n o r ax i s of oval i ty in the p lane of the 



w i r e w r a p . If the t r u e d i a m e t e r is t aken as the a v e r a g e of the m a x i m u m 

and m i n i m u m d i a m e t e r s at a g iven pos i t i on on the e l e m e n t , the peak A D / D 

was approx imate ly 0.80%. In c o n t r a s t , the peak A D / D due to void p r o d u c 

tion was ca lcu la ted to be 0.60%.* T h e s e r e s u l t s s u g g e s t t ha t c r e e p c o n 

t r ibuted signif icantly to the o v e r a l l c ladding s t r a i n on th i s e l e m e n t , wh ich 

had a p lenum- to - fue l vo lume r a t i o of 0 .5 . 

PIN DIAhCTER 

VARIATION AT 

POSITION 'X' 

DIAMETER 
(In.) 

DISTANCE FROM FUEL 

BOTTOM (In.) 

Fig. III.A.6. Diameter Traces on Element 007 at Two Orientations Showing the 
Effect of the Wire Wrap on the Shape of the Element Section 

N e u t r o n r a d i o g r a p h y s h o w e d a n i n c r e a s e i n t h e i n i t i a l g a p s 

b e t w e e n t h e fue l p e l l e t s a f t e r i r r a d i a t i o n . A x i a l g a m m a s c a n s a l s o i n d i 

c a t e d c o n c e n t r a t i o n s of C s a t t h e s e g a p s a n d a h i g h C s c o n c e n t r a t i o n 

a t t h e t o p of t h e fue l c o l u m n ( s e e F i g . I I I . A . 7 ) . W h e n t h e p l e n u m w a s p u n c 

t u r e d , 5 6 . 2 1 c c ( S T P ) of f i s s i o n g a s w e r e c o l l e c t e d . T h e f i s s i o n g a s r e 

l e a s e d f r o m t h e f u e l w a s c a l c u l a t e d a s 7 4 . 7 % f o r a n a s s u m e d f u e l m e a n 

b u r n u p of 5 a t . % a n d a g e n e r a t i o n r a t e of 0 . 2 4 6 r a r e - g a s a t o m s p e r f i s s i o n . 

L o n g i t u d i n a l m e t a l l o g r a p h i c s e c t i o n s r e v e a l e d t h a t t h e f u e l 
w a s c o n t i n u o u s a c r o s s t h e i n i t i a l p e l l e t g a p s i n t h e r e g i o n s of e q u i a x e d a n d 
c o l u m n a r g r a i n g r o w t h . T h e c e n t r a l v o i d w a s l a r g e r t h a n a t o t h e r a x i a l 
p o s i t i o n s , a n d t h e b o u n d a r i e s of t h e f u e l z o n e s c o n f o r m e d t o t h e t e m p e r a t u r e 
d i s t r i b u t i o n t h a t m i g h t b e e x p e c t e d a r o u n d a t h e r m a l d i s c o n t i n u i t y a t t h e 
fuel s u r f a c e . T h e s e f e a t u r e s a r e i d e n t i c a l t o t h o s e o b s e r v e d p r e v i o u s l y in 
E l e m e n t 012 a t 3 a t . % b u r n u p . 

A. Boltax, P. Murray, and A. Biancheria, Fast Reactor Performance Model Development, Nucl. Appl. Tech. 
9(2), 326-337(1970). 
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LARGE CESIUM PEAK 

AT TOP OF FUEL 
GROSS GAMMA SCAN 

DISTANCE FROM FUEL 

BOTTOM (In.) 

Fig. III.A.7. Longitudinal Gamma Scans on Element 007 for Gross Gamma Activity and 
for l- '̂Cs Activity, Showing Cesium Concentrations at Pellet Gaps 

A g r a y p h a s e , up to 0.002 in. th ick , was o b s e r v e d in the 
f u e l - c l a d d i n g gap in the r e g i o n of the c e s i u m peak at the top of the fuel 
c o l u m n . E l e c t r o n - m i c r o p r o b e a n a l y s i s ident i f ied th is p h a s e as a l m o s t 
p u r e c e s i u m , wi th a u r a n i u m - p l u t o n i u m con ten t of l e s s than 2%. C e s i u m 
p e n e t r a t i o n of the c ladding was a l s o c l e a r l y o b s e r v e d to a depth of 0.005 in . 
in th i s r e g i o n ( see F i g . I I I .A.8) . De ta i l ed e x a m i n a t i o n con t inues to d e t e r 
m i n e the ex t en t of c e s i u m p e n e t r a t i o n of the c ladding as a funct ion of 
t e m p e r a t u r e . 

Fig. III.A.8. Transverse As-polished Sectionof the Fuel-cladding Gap 
in Element 007 at the Top of the Fuel Column, Showing 
Cesium Penetration into the Cladding to a Depth of 
0.005 in. 



5, Fue l -Coo lan t I n t e r a c t i o n s (R. W. Wr igh t ) ( I89a 02-164) 

a. In-p i le S imula t ion T e s t s : Work E n e r g y (J . J . B a r g h u s e n ) 

Las t R e p o r t e d : A N L - 7 7 3 7 , pp. 175-178 (Aug 1970). 

(i) M e d i u m - e n e r g y P o w e r - e x c u r s i o n E x p e r i m e n t wi th UO2 
Pins in F F T F Simulat ion (Tes t S6). T e s t S6 is the i n i t i a l p i s t o n - a u t o c l a v e 
tes t in TREAT that u s e s a s e v e n - p i n w i r e - w r a p p e d fuel bundle in s i m u l a 
tion of F F T F g e o m e t r y . The bundle is e x p o s e d to a m e l t d o w n power e x 
curs ion in TR EAT, and the r e s u l t i n g p r e s s u r e p u l s e s and t h e r m a l - t o -
m e c h a n i c a l - e n e r g y c o n v e r s i o n r a t i o s a r e ob ta ined . The fuel bundle in 
previous t e s t s cons i s t ed of five fueled p ins and four d u m m y pins a r r a n g e d 
in a squa re a r r a y with a s o d i u m - t o - p i n a r e a r a t i o of 1.24. T e s t S6 u s e s a 
hexagonal a r r a y of seven fuel p ins (no d u m m y p ins ) tha t a r e w i r e w r a p p e d 
and contained with a ho lder having a hexagona l i n n e r s u r f a c e as shown in 
Fig. III .A.9. Because the ho lde r m u s t c l e a r the ou t s ide of the w r a p w i r e s , 
the sod ium- to -p in a r e a r a t i o of 0.94 (that i nc ludes t h e r m o c o u p l e a r e a ) ex 
ceeds somewhat the F F T F value of 0 .75 . The change in pin g e o m e t r y a l s o 
r e su l t s in a d e c r e a s e in s o d i u m m a s s , which is m o s t l y wi th in the a r r a y , 
f rom 200 g in p rev ious t e s t s to 115 g for T e s t S6 . 

Primorv oulpclove 

II 7/16 In 1.0.) 

Fuel pins (0.29 in. die.; 

peripheral pins 10% 

center pin 13% " ' u ) 

Fig. III.A.9. Fuel-pin Configuration for Piston-autoclave TestS6 

The t e s t u s e s the s a m e type of fuel p ins as p r e v i o u s t e s t s ; 
namely , s t a i n l e s s - s t e e l - c l a d 0 . 2 9 - i n . - O D UO2 p ins having 41 g UO2 p e r 
pin; the 55 - in . - l ong fueled s e c t i o n of e a c h pin is s u r m o u n t e d by a 6 | - i n . -
long blanket sect ion; both s e c t i o n s conta in h e l i u m a t 15 p s i a . (The F F T F 
fuel has a 0.23-in. OD.) The s e v e n - p i n a r r a y con t a in s about 287 g UO2. 
i h e cen t ra l pin contains UO2 pe l l e t s e n r i c h e d to 13% "^U to c o m p e n s a t e 
tor 1 ux depress ion ; the p e r i p h e r a l p ins con ta in 1 0 % - e n r i c h e d UO2 p e l l e t s 
A cal ibrat ion t e s t is de t e rmin ing the r e l a t i v e e n e r g y d e n s i t i e s in the c e n 
t r a l and p e r i p h e r a l pins with t he se e n r i c h m e n t s , and is obta in ing the 
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calibration factor relating reactor integrated power to the average number 
of fissions per gram in the oxide fuel. 

To provide a valid basis for comparison. Test S6 will be 
performed with a fission-energy input to the fuel nearly identical to that 
employed in Tests S3 and S5, 460 and 507 cal/g UOj, respectively. 

6. Post-accident Heat Removal (R.. W. Wright) (189a 02-165) 

The postaccident heat-removal work, in the past, has been con
ducted and reported under the headings "Engineering Analyses" and "Fuel-
Structural Materials Interactions." However, the effort has become con
centrated on specific F F T F problems; therefore the work has been reoriented 
under the headings "Core Debris Retention within the Reactor or Guard 
Vessel" and "Core Debris Retention within the Secondary Containment 
Vessel ." 

a. Core Debris Retention w^ithin the Reactor or Guard Vessel 
( j . C. Hesson and E. S. Sowa) 

This work is to determine for specified F F T F accidents whether 
the core debris might breach the reactor and guard vessels during the post-
accident period. The work includes: (1) analysis of the core meltdow^n 
process and of the nature and quantity of the core debris falling into the 
r eac to r -ves se l bottom head, and analysis of whether this mater ia l might 
breach the vessel heads, and (2) experimental studies of heat removal from 
part iculate beds under water and under sodium. 

(i) Analytical Studies. Two hypothetical core-disruptive ac 
cidents a i e used for this analysis . The first is an overpower transient with 
a total heat-energy generation of 5000 MW in 2.6 sec. Since the heat r e 
moval into the coolant in the first 2.5 sec is 1000 MW, the net heat addition 
to the core is 4000 MW. The F F T F core contains 2860 kg of U-Pu oxide 
with a weight ratio of stainless steel (cladding and subassembly-can walls) 
to fuel oxide of approximately 0.6. 

The temperatures of the sodium, cladding, and fuel (sur
face, center , and average) have been computed for positions throughout the 
core during normal operation. Also, the postaccident temperatures 
throughout the core have been computed by assigning the net heat generated 
to the fuel as one case , to the fuel and cladding as another case , and to the 
fuel, cladding, and can walls as a third case. These calculations indicate 
that some of the fuel is molten in all the fuel subassemblies at the end of 
the accident. These tempera ture distributions are used as starting points 
for the meltdown analysis . 

Sodium natural convection (from the reactor vesse l through 
the piping, pump, heat exchanger, bypass, and core) and cooling have been 
computed tor several conditions of core blockage. 



The quantity of steel below the fuel in the core that could 
act as a heat sink upon meltdown has been computed. 

Analyses of core-meltdown processes are continuing. 

(ii) Experiments. The experiments are to determine the maxi
mum heat flux through beds of particles under liquid as a function of particle 
size, porosity, density, and bed thickness for use in estimating whether the 
fuel debris might penetrate the vessel head. Ideally, heat generation within 
the particles to simulate decay heat is desired, but this is difficult to achieve 
in out-of-pile work. As a substitute, bottom-heating of the bed is being 
used. Preliminary runs have been made with particulate beds under water, 
and further experiments will be made with UO2 particulate beds under so
dium. Both laboratory and in-pile experiments are planned with UO2 beds 
under sodium. 

The preliminary experiments in water used a 3.25-in.-dia 
steel container heated by a gas flame, with sand, l imestone, and lead shot 
as bed materials. Among the factors controlling the heat flux are particle 
size, particle density, and settled-bed porosity. Heat flux, as measured by 
the rate of water evaporation, increased with particle size and bed porosity. 
In the tests, the heat flux increased slightly at the higher values of AT 
(near burnout), probably as a result of bed agitation by more violent move
ment of vapor through the bed. Heat fluxes between 40,000 and 80,000 Btu/ 
hr-ft^ were obtained with 2-3-in.-deep beds of sand and lead shot, and up to 
100,000 Btu/hr-ft^ were obtained with 3-in.-deep beds of limestone gravel . 

Equipment is being designed for tests to measure heat 
fluxes through UO2 particulate beds under sodium. 

7. 1000-MWe Contract Management, Technical Review, and Evaluation 
(L. W. Fromm) (I89a 02-186) 

Not previously reported. 

This program is being terminated by directive of AEC-RDT. 

8- 1000-MWe Safety Analysis Study Subcontracts ( L . W. Fromm) 
(189a 02-121) 

Last Reported: ANL-7742, pp. 154-155 (Sept 1970). 

This program is being terminated by directive of AEC-RDT. Sub
contractors will issue final reports covering work completed to date as 
appropriate. 



161 

B. Operations 

1- TREAT Operations ( j . F . Boland) (I89a 02-122) 

Last Reported: ANL-7742, pp. 155-156 (Sept 1970). 

a. Operations 

Experiment GE-C4X was subjected to a transient designed to 
cause cladding failure. This experiment, which contained a fully enriched 
UO2 sample, was a lead experiment for future TREAT experiments on GE 
fuel mater ia l s that have been i r radiated in EBR-II. 

A steady-state irradiation of a seven-pin cluster of s ta in less-
s tee l -c lad UO2 fuel elements was conducted to determine the relationship 
between the fission rate in the experiment and the reactor power. The pur
pose was to establish test requirements for piston-autoclave experiment 
RAS S-6. This experiment will differ from previous S-ser ies experiments 
in employing FTR fuel-element geometry and wire spacers to determine if 
p re s su re generation is strongly dependent on fuel-element configuration. 

Neutron radiographs were made of EBR-II driver fuel, melt-
wire tempera ture indicators , a self-powered neutron detector, and exper i 
mental capsules from Subassemblies X068, X072, X042, X043, and X056. 
Neutron radiographs were also made of TREAT experiment GE-C4X. 

(i) Automatic Power Level Control System. Installation and 
testing of the hydraulic drive system were completed. Control rods were 
installed on one drive, and this drive is being used during normal steady-
state and t ransient operat ions. Installation and testing of the automatic 
control sys tem are still awaiting AEC approval to operate with digital-
computer control. 

C. Engineering Safety Features--Safety Features Technology 

1. Reactor System and Containment Structural Dynamic Response 
(S. H. Fistedis) (189a 02-126) 

a. Hydrodynamic Response of P r imary Containment to High-energy 
Excursion (Y. W. Chang) 

(i) Automatic Rezoning of Code to Extend Excursion Trea tment 
into Sodium-momentum Domain (Y. W. Chang) 

Last Reported: ANL-7679, p. 170 (Mar 1970). 

Programming of the rezoning code has been completed. The 
pre l iminary version of the code was used in the F F T F Head-cavity Study. 
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Because zone d i s to r t i ons w e r e e l i m i n a t e d th rough the r e z o n i n g p r o c e s s , 
the calculat ion was ex tended into the s o d i u m - m o m e n t u m d o m a i n . F o r the 
F F T F Head-cavi ty Study, the ca l cu l a t i on cont inued unt i l the s o d i u m s lug 
impinged on the top shie ld p lug. To i l l u s t r a t e the r e s u l t of r e z o n i n g . 
F ig . I I I .C. l shows the conf igura t ion of a r e a c t o r be fo re and a f t e r r e z o n i n g . 
(Because of a x i s y m m e t r y , only half the r e a c t o r is shown.) 

(ii) P a r a m e t r i c S tudies of S y s t e m G e o m e t r i e s and E x c u r s i o n 
Magni tudes and D u r a t i o n s to A s s i s t F F T F A c c i d e n t A n a l y s i s 
(Y. W. Chang) 

Las t R e p o r t e d : A N L - 7 7 2 6 , pp. 168-171 (July 1970). 

Recent s tud ies ind ica te that the R E X C O - H code w o r k s 
equally well for l ow-ene rgy as for h i g h - e n e r g y e x c u r s i o n s . The p r o b l e m 

u s e d for one of t h e s e s t u d i e s w a s a 
co lumn of s o d i u m slug con ta ined in 
a c y l i n d r i c a l v e s s e l and moving u p 
w a r d u n d e r the p r e s s u r e of an ex 
panding c o r e v a p o r . The v e s s e l was 
a s s u m e d to have only m e m b r a n e 
s t r e n g t h and w a s a l lowed to m o v e 
r a d i a l l y o u t w a r d , but the top head 
was a s s u m e d to be f ixed. When 
the s o d i u m s lug c o n t a c t e d the top 
h e a d , the s o d i u m slug was moving 
wi th a ve loc i ty of 150 f t / s e c and 
had a to ta l k ine t i c e n e r g y of 
88.3 M W - s e c . The p r e s s u r e in 
the c o r e v a p o r was only 200 ps ig 
a t the t i m e of i m p a c t , but had an 
i n t e r n a l e n e r g y of 58.2 M W - s e c . 
The i m p a c t p r e s s u r e and d u r a t i o n 
of i m p a c t ob ta ined f r o m R E X C O - H 
a r e in good a g r e e m e n t wi th s o d i u m -
h a m m e r c a l c u l a t i o n s us ing a c o u s t i c -
wave a p p r o x i m a t i o n . R E X C O - H 
r e s u l t s a l s o show e x c e l l e n t b a l an ce 
on e n e r g i e s , even when the p r e s s u r e 
in the s o d i u m slug is so low tha t the 
flow can be t r e a t e d a s an i n c o m p r e s 
s ib le one . T a b l e I I I .C . l l i s t s the 
e n e r g i e s a t v a r i o u s t i m e i n t e r v a l s , 
as c a l c u l a t e d by the R E X C O - H c o d e . 
The dev ia t ion of e n e r g y at t = 6.204 
m s e c is only 1.77%. 

Fig. III.C.1. Two Reactor Configurations following 
Excuision: Before Rezoning (left) and 
after Rezoning (right) 
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TABLE III.C.l Energy Balance 

Internal Energy, Kinetic Energy, Vessel Strain Total Energy, Deviation of 
Time, nnsec MW-sec MW-sec Energy, MW-sec MW-sec Energy, % 

0 

0.2S2 

0.508 

0.764 

1.020 

1.500 

2.012 

2.524 

3.004 

3.516 

4.028 

4.508 

5.020 

5.500 

6.012 

6.204 

58.2 

67.8 

75.5 

78.2 

77.1 

68.8 

56.2 

56.0 

56.0 

56.0 

55.9 

55.8 

55.6 

55.6 

55.4 

55.4 

88.3 

78.7 

70.8 

67.5 

67.8 

73.8 

83.5 

80.1 

76.9 

73.6 

70.6 

67.8 

64.9 

62.1 

59.4 

58.3 

0 

0 

0.2 

0.7 

1.5 

3.7 

7.1 

10.7 

14.0 

17.5 

21.0 

24.2 

27.6 

30.7 

34.1 

35.4 

146.5 

146.5 

146.5 

146,4 

146.4 

146.3 

146.8 

146.8 

146.9 

147.1 

147.5 

147.8 

148.1 

148.4 

148.9 

149.1 

0 

0 

0 

0.07 

0.07 

0.14 

0.20 

0.20 

0.27 

0.41 

0.68 

0.89 

1.09 

1.30 

1.64 

1.77 

(iii) Comparison of Codes with Existing Experiments (J. E. Ash) 

Last Reported: ANL-7679, pp. 171-175 (Mar 1970). 

The REXCO-H computer code is being applied to four test 
cases to demonstrate its validity and applicability to containment problems 
involved in reactor safety. The test cases are model experiments in which 
the accident energy re lease is simulated by the detonation of chemical high-
explosive charges . 

The first test case treated was that of a bare 2-oz charge 
of R D X / T N T 6O/4O in water performed by the United Kingdom Atomic 
Energy Authority. (The experimental configuration is shown on p. 173 of 
ANL-7679.) The peak shock p ressu re computed at the wall of the 2-ft-dia 
containment vessel was 2.0 kb; the peak pressure measured in the experi 
ment was 1.6 kb. In investigating this discrepancy, we learned that unre
ported tes ts showed that the yield of the explosive charges used is about 
20% lower than the conventional value we assumed. [Our assumption for 
the yield of the Composition B charge was based on Los Alamos report LA-
3466 (June 1966).] 

The computation was performed for both coa r se - and fine-
grid spacing and for cylindrical and spherical charge shapes. The computed 
peak p re s su re was independent of the charge shape, provided the shape was 
relatively compact. Subsequent computations were based on a spherical 



shape, which has the computational advantages of spherical symmetry in the 
neighborhood of the charge and avoids the excessive cell distortion that oc
curs at the corners of a cylinder. The physical significance of this compu
tational result is that the effects of the charge detonation adjust very rapidly 
in accordance with the configuration of the surroundings with little depend
ence on charge shape. The computation was performed with a coarse grid, 
in which the charge was covered by only two cel ls , and with a fine grid, in 
which the charge was partitioned into 26 cel ls . The peak p ressu re at the 
wall was about 10% higher for the fine grid, indicating that the coarse grid 
tends to spread out the shock more . The reasonably close agreement tends 
to confirm the convergence of the computational procedure. 

The second test case considered, also performed by the 
UKAEA, involved the same bare charge and containment-tank configura
tion as discussed above, but the charge was confined in the s t ructure shown 
in Fig. III.C.2. In the experiment, the p ressure t ransmit ted to the contain
ment wall was considerably delayed and the peak was attenuated down to 
about 0.3 kb. The computed values depended crit ically on the equation of 
state assumed for the lead-shot region. If the in ters t ices between the shot 
are permeated with water, little attenuation is achieved. If the gaps are 
assumed to be dry (i.e., filled with ai r ) , the mater ia l is effectively crush-
able, resulting in a reduction of the peak p ressu re reaching the containment 
wall from 1.9 kb for the water-saturated lead shot to about 0.8 kb for the 
dry lead shot. This peak pressure is still significantly higher than the 
measured pressure of 0.3 kb, indicating that the purely hydrodynamic a s 
sumption for the behavior of the lead shot (that it is undergoing significant 
deformations and absorbing energy) is inadequate and the inelastic equa
tions should be employed. 

The third test case under study is a ser ies of scale-model 
experiments carried out jointly by the CEA-Euratom and the UKAEA at 
Cadarache, France. The experimental configuration is shown in Fig. III.C.3. 
Hexogene charges (15, 30, and 60 g) were introduced into a 25-cm-dia 
42.4-cm-high steel simulated core vessel . The blankets are simulated by 
a mixture of uranium and steel rods (average density 12.7 g/cm^); the neu
tron reflectors are represented by six concentric s ta in less -s tee l cylinders 
0.25 cm thick, spaced 0.1 cm apart; the heat shield is represented by four 
longer 0.1-cm-thick cylinders, spaced 0.1 cm apart . Experimental data 
were obtained for three charge weights and for cold water and sodium heated 
to 150, 250, 400, and 550''C. 

The experiments for the fourth test case , with the configura
tion shown in Fig. IU.C.4, were run by the U.S. Naval Ordnance Laboratory, 

he shock pressures and times of a r r iva l were not measured, but the much 
slower "blast pressure" following the rupture of the model reactor vessel 
an t e release of the sodium vapor into the oxygen-depleted air chamber 
were measured. The effects of the explosives must be inferred from photo-
grap s of the deformed reactor-vesse l model. The secondary shield simulant 
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Lifting handle -

Gropi)ite 
shield 

Diagrid -

Fig. III.C.2. Cross Section of Model Core and Breeder Structure for UKAEA Experi
ments [from "A Model Investigation of Explosion Containment in Single 
Tank Fast Reactors," by N. J. M. Rees (UKAEA), pp. 692-719, in ANL-
7120, Proceedings of the Conference on Safety, Fuels, and Core Design 
in Large Fast Power Reactors, October 11-14, 1965J 
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Heat shields 

Heater 

Uraniuin rods 

Fig. III.C.3. Main Components of the Model Reactor Assembly for the Cadarache 
Experiments [from "A Comparison of Pressure Loading Produced by 
Contained Explosions in Water and Sodium^' by G. A. V. Drevon, 
(Saclay), M. F. G. Falgayrettes (Cadarache), and F. J. Walford 
(UKAEA),pp.720-733,in ANL-7120. Proceedings of the Confeience 
on Safety, Fuels, and Core Design in Large Fast Power Reactors, 
Octobei 11-14, 19651 
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Model plug 

Secondory -
shield simulant 

......̂  I 

Air 
tliermocouple 

Sodium 
thermocouples 

Fig. III.C.4. Rupture Model Assembled in Idealization of Model 
Secondary Shield for Naval Ordnance Laboratory 
Experiments [from Response of Enrico Fermi Re
actor to TNT SimulatedNuclear Accidents, p. 29, 
NOLTR 62-207, November 1964] 

i s a 2 0 - i n . - d i a , 1 8 . 4 - i n . - h i g h c y l i n d r i c a l t ank . The c h a r g e was 126.45 g of 
p r e s s e d pen to l i t e P E T N / T N T 5 0 / 5 0 . A m a s s of 10,720 g of 850°F s o d i u m 
f i l l ed the r u p t u r e m o d e l . The 430°F a i r in the s u r r o u n d i n g c h a m b e r was 
a l m o s t p u r e n i t r o g e n . The R E X C O - H code i ^ being app l i ed to the r u p t u r e 
m o d e l . 

(iv) I n s e r t i o n of Hea t T r a n s f e r into Codes (T. J . M a r c i n i a k ) 

L a s t R e p o r t e d : A N L - 7 7 2 6 , pp. 168-172 (July 1970). 

A p p r o p r i a t e s u b r o u t i n e s a r e being added to the R E X C O - H 
code to hand le s o d i u m in p o s t b u r s t a c c i d e n t c a s e s tha t inc lude f u e l - c o o l a n t 
i n t e r a c t i o n . The p r o g r a m inc ludes the defini t ion of a f ue l - coo l an t i n t e r a c 
t ion zone in wh ich fuel and coo lan t vo lume f r a c t i o n s , d e n s i t i e s , and t e m 
p e r a t u r e s p lus the f u e l - p a r t i c l e s i z e a r e spec i f i ed for e a c h ind iv idua l ce l l 
in the z o n e . T h e n , us ing a q u a s i - s t e a d y - s t a t e h e a t - t r a n s f e r m o d e l ( see 
A N L - 7 6 8 8 , pp . 2 4 0 - 2 4 4 , A p r i l - M a y 1970), the t e m p e r a t u r e of the coo lan t 
i s c a l c u l a t e d . 

To be ab le to c a l c u l a t e the effect of the t h e r m a l e x p a n s i o n 
of the l iqu id s o d i u m , an equa t ion of s t a t e b a s e d on the w o r k of A n d e r s o n * 

*Orson L. Anderson, The Use of Ultrasonic Measurements under Modest Pressure to Estimate Compression at 
High Pressure, J. Phys. Chem. Solids, Pergamon Press, 1966,_27̂ , pp. 547-565. 
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was developed. Because the specific volume is a function of p re s su re and 
temperature, i.e., V = f(p,T), then 

dV = -|3V dp + aV dT, (1) 

where /3 is isothermal compressibili ty, p is p r e s su re , V is specific vol
ume, and T is temperature. Anderson's form for the isothermal compres
sibility is 

1 1 (2) 

where 

^ Bo + Bip B 

Bo = Bp ^ 0 

B = isothermal bulk modulus 

Substitution of Eq. 2 into Eq. 1 and integrating yields 

P = | T j ( ^ ) ° exp Bi J a(T)dT - l l , (3) 

where VQ is initial specific volume. To is initial tempera ture , V is present 
specific volume, and (x(T) is the volumetric coefficient of thermal expansion. 
Neglect of thermal expansion, i .e. , a = 0, causes the reduction of Eq. 3 to 
Murnaghan's equation of state, which is currently an option in the basic 
REXCO-H code. 

At present the code appears to have the capability of 
handling the fuel-coolant interaction up to the point of sodium evaporation. 
Some preliminary calculations indicate peak p ressu res of about 600 atm in 
an interaction zone 20 cm in diameter by 30 cm long under 60 cm of sodium. 
However, these results are quite prel iminary and the code is still being 
debugged. Incorporation of subroutines to handle sodium vaporization is 
also continuing. 

^- Dynamic Response of Core Subassemblies ( J .M.Kennedy) 

Not previously reported. 

The objective of this work is to develop analyses and codes that 
wiU permit the evaluation of accidents that occur in a single subassembly 
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and tha t p o s s i b l y p r o p a g a t e to the a d j a c e n t one or two rows of s u b a s s e m 
b l i e s . The code wi l l g ive s t r e s s e s , d e f o r m a t i o n s , v e l o c i t i e s , and p o s s i b l e 
e x t e n t of p e r m a n e n t d a m a g e to the a c c i d e n t s u b a s s e m b l y and to the s u r 
round ing s u b a s s e m b l i e s , thus p r o v i d i n g i m p o r t a n t input to the F u e l - e l e m e n t 
F a i l u r e P r o p a g a t i o n w o r k (189a No. 02-116) and p o s s i b l e input to the 
A c c i d e n t A n a l y s i s w o r k (189a No. 02-112) w h e r e changed c o r e g e o m e t r i e s 
a r e n e e d e d for r e c a l c u l a t i o n of n e u t r o n i c s . The d e v e l o p e d codes wi l l be 
c o m p a r e d wi th e x p e r i m e n t s c o n d u c t e d wi th t i m e l y s u b a s s e m b l y and c l u s t e r 
c o n f i g u r a t i o n s and d i m e n s i o n s , and wi th c o n t r o l l e d e n e r g y r e l e a s e s w h o s e 
equa t ion of s t a t e i s r e f l e c t e d in the code i n p u t s . 

(i) D e v e l o p m e n t of M a t h e m a t i c a l Mode l . Due to s y m m e t r y , 
only o n e - t w e l f t h of the to ta l s y s t e m wi l l have to be a n a l y z e d , wi th e a c h c o r e 
s u b a s s e n n b l y hav ing a h e x a g o n a l c r o s s s e c t i o n , the c o r e s u b a s s e m b l i e s 
p a c k e d in a h e x a g o n a l a r r a n g e m e n t , and a s s u m i n g that the t r a n s i e n t loads 
a r e i d e n t i c a l on e a c h flat of the h e x a g o n - s h a p e d s u b a s s e m b l y . 

T h e c o r e s u b a s s e m b l i e s wi l l have as t h e i r s t r u c t u r a l r e p 
r e s e n t a t i o n a c o n n e c t e d s e t of p la te e l e m e n t s . The i n c r e a s e d s t i f fness a t 
the c o r n e r s of the h e x a g o n - s h a p e d c o r e s u b a s s e m b l i e s is i nc luded by e m 
ploying a v a i l a b l e a n a l y s i s . * The coo lan t in the c h a n n e l s be tween the c o r e 
s u b a s s e m b l i e s and in the fuel bund le s wi th in the c o r e s u b a s s e m b l i e s is 
be ing r e p r e s e n t e d by m e a n s of an e a r l y m o d e l deve loped f r o m p u b l i s h e d 
i n f o r m a t i o n . * * 

T h e d i s p l a c e m e n t m e t h o d is e m p l o y e d in the so lu t ion of the 
d y n a m i c r e s p o n s e of c o r e s u b a s s e m b l i e s . A t r a n s i e n t - r e s p o n s e a n a l y s i s 
i s be ing p e r f o r m e d us ing the d i r e c t m e t h o d of p r o b l e m f o r m u l a t i o n . The 
d i r e c t m e t h o d h a s as i t s d e g r e e s of f r e e d o m the d i s p l a c e m e n t s at g r i d 
p o i n t s . 

The m a t r i x p r o p e r t i e s of the d y n a m i c s y s t e m a r e a s s e m 
b l ed by the D i r e c t Dynamic M a t r i x A s s e m b l e r m o d u l e , wh ich a s s e m b l e s the 
m a s s , d a m p i n g , and s t i f fness m a t r i c e s f r o m v a r i o u s s o u r c e s in t e r m s of 
d i s p l a c e m e n t s at g r i d p o i n t s . 

The d i f f e r en t i a l equa t ions of a l i n e a r s t r u c t u r a l p r o b l e m , 
when w r i t t e n in the g e n e r a l m a t r i x f o r m , a r e e x p r e s s e d by 

[p^M + pC + K]{u} = {P}, 

w h e r e t i s t i m e , p i s d / d t (the t i m e d e r i v a t i v e ) , M is m a s s m a t r i x , C is 
d a m p i n g m a t r i x , K is s t i f fness m a t r i x , u is d i s p l a c e m e n t v e c t o r , and P is 
t r a n s i e n t load v e c t o r . 

*L. M. McWethy, An Analytical Evaluation of the Consequences of a Hypothetical llslantaneous Loss of Cool-
ant Flow to a Fast Flux Test Facility Driver Fuel Assembly, GEAP-10059 (July 1969). 

**r,. H. Golden, and J. V. Tokar, Thermophysical Propemes of Sodium. ANL-7323 (Aug 1967), 
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Numerical integration of the coupled equations is achieved 
by using the central-difference equivalent 

A [ M ] K + 2 - 2 " n + i + ^n} + ^ [CK'^n+z " M + [K]{aUn+^ + (l - 2a)un+i + aUn} = 

a{Pn+2} + ( l-2a){Pn+i} + a{Pn} . 

where At is time step, u^ is value of u at t = t^, and a is an a rb i t r a ry 
coefficient selected on the basis of stability and accuracy. 

With substitution of the value of a = l /3 for a margin of 
stability and collecting like different t ime-s tep t e r m s , the integration algo
rithm is 

[-^"^'^t C + - K 
2 1 

T T M - - K 
At^ 3 '^n+z) = j { P n + 2 + Pn+i + P n } + [ 

^C-iK]{u„}. 

{"n + J 

^ ^ ^ 2 A t 

A measure of the e r ro r in this equation is calculated by the 
distortion of the frequency and damping of its normal modes from those of 
the exact dynamic equations. 

The initial conditions needed are the values of {uo}, {tic}, 
{u-i}, {PQ}, and {Pi}. With the assumption that the acceleration is zero for 
t :̂  0, the initial conditions are 

W-i) = M - {uo} At, 

{ P . J = [K]{u_,} + [C]{uo}, 

and 

{Po} = [K]{uo) + [C]{Oi„}, 

where {'} indicates time derivative. 

Velocities and accelerations along with displacements are 
outputs of the transient analysis. The expressions for the velocity and ac
celeration are 

^"'i^ " lAT^^'n+i-Un-i) 

and 

'̂̂ n) = -^ {un+i-2uji + un- i} . 
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This a n a l y s i s c o n s i d e r s v a r i o u s types of acc idents with 
t h e i r p a r t i c u l a r r e s p o n s e to be u s e d a s input in the code . Input is a v a i l 
ab l e for the m o l t e n f u e l - c o o l a n t i n t e r a c t i o n a c c i d e n t in a s ingle s u b a s s e m 
bly , wh ich e m p l o y s the R E X C O - H code for a n a l y s i s . (See P r o g r e s s R e p o r t 
for J u l y 1970, A N L - 7 7 2 6 , pp . 168-172. ) 

(ii) Mod i f i ca t ion of E x c u r s i o n C o m p u t e r Code . The g e n e r a l -
u s e code NASTRAN, L e v e l 8 .1 .0 , for s t r u c t u r a l a n a l y s i s has been ob ta ined . 
The e x e c u t a b l e m o d u l e of NASTRAN has been m o v e d onto a p r i v a t e d isk 
p a c k . A t t e m p t s a r e be ing m a d e to execu t e d e m o n s t r a t i o n p r o b l e m s . 
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